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Abstract 
The assessment of drug fonnulations delivered by the pressurised metered dose inhaler 
and used in the treatment of Asthma are assessed commercially using cascade 
impactors which are the preferred instruments for the assessment of particle size and 
respirable mass or fraction delivered by inhalation devices. The fundamental principle 
underpinning the design of cascade impactors is particle motion defined by Stokes 
theory. The analysis of impactor data raises a number of functional issues as calibration 
curves have long tails, which are not easily explained by a simplistic application of 
Stokes law. The atomisation process, propellant flashing, evaporation and aerodynamic 
properties of the residual drug particle detennine the distribution of the drug particles 
within the lung and resultant therapeutic effect. 
The research uses mathematical modelling and computational fluid dynamics (CFD) to 
evaluate the flow and inertial deposition in the USP throat and the plates of the ACI 
which is the most widely used cascade impactor. The CFD analysis shows the flow in 
the outlet section of the USP throat to be unstable for the basic design, when coupled to 
an outlet extension and when coupled to the ACI via the standard coupler and first jet 
stage. The modelling also provides insight as to why the calibration curves of the ACI 
have long tails and reveals a number of issues with the design of the ACI coupler and 
the fundamental design of impactor jet arrays as well as the position and functional 
response of upper impactor plates. Additional particle sizing methodologies were used 
to assess the lognonnal characteristics of the atomised droplets and residual drug 
particles. The experimental data was compared to current atomisation model and 
modification recommended and a proposed alternative model with improved fit to the 
data. 
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Motivation 
I joined the pharmaceutical industry as a process engineering to aid the development of 
a then new breath activated inhalation device (Autohaler™) that 3M Healthcare were 
developing for both in house and third party products. Having arrived with a 
background in polymer science, chemistry and process engineering I was initially 
responsible for the qualification of injection mould tooling and assembly equipment for 
the production of inhalation devices. At that time in the device development process 
there was not only a significant effort in the development of many products based 
around many different drug formulations but also on the horizon was a new era of 
formulation and delivery issues due to the phase out of the propellant systems that had 
been in use since the conception of the pressurised metered dose inhaler in 1956. The 
propellant systems had until this time used a class of propellants called 
Chlorofluorocarbons (CFC) but these were to be replaced by a family of propellants 
called Hyrdofluoroalkanes (HFA) that would have far lower impact on the 
environment. 
After a few years in the process engineering role I was asked if I would take on a 
product development role because there were at that time many technical issues with 
the range of Autohale?M devices currently under development. The issues centred on 
the matching of pharmaceutical performance between the Autohaler™ and the 
equivalent press and breathe products and also the pharmaceutical performance of 
matching CFC and HFA based products, for both Autohaler™ and press and breathe 
products. 
I was very surprised to find that there were few if any design principles that could be 
readily applied with any degree of accuracy to the task in hand. Reference to the 
literature only revealed a bewildering array of claim and counter claim regarding the 
influence that various design variables would have on the pharmaceutical performance 
of inhalation devices. At first this was a surprising situation given that the pressured 
metered dose inhaler had been in use for at that time nearly 40 years. The solutions to 
product performance issues were solved by a combination of experience, educated 
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guess work, combined with the judicial use of both design of experiments (DoE) and 
the application of the Taguchi methodology. These methods still left many unanswered 
questions but there was as is often the case in the commercial environment little time or 
resource to pursue answers to some of the more puzzling questions. 
Following a family tragedy I worked part-time and during this period I had time to 
reflect on many of the problems encountered and also turned my thoughts to the 
problem of how devices could be developed for the future. In the last 20 years the 
dominance of the pressured metered dose inhaler as the primary choice for the delivery 
of medicament to the lungs has come under pressure from a wide range of dry powder 
devices and in recent years to a number of new technology devices for the delivery of 
metered drug to the respiratory tract for both asthma and systemic use. 
In 1999 whilst working on an unrelated problem that required the use ofa high speed 
video system (significantly faster than the one I was using at 3M) I came into contact 
with Graham Hargrave of the Wolfson school of mechanical engineering at 
Loughborough University. During one of our many discussions away from the problem 
at hand I expressed my interest in solving some of these design problems and Graham 
in turn discussed how he and some of his colleagues (including Henk Versteeg) had 
worked with various pharmaceutical companies which were researching various issues 
of inhaler design and spray measurement. I quickly formulated a project plan and 
submitted it to 3M for approval and funding. In 2000 the project was approved and 
after some delays due to various commercial pressures the project was started in earnest 
in 200112. 
Having been a life long asthmatic this project was always going to be a little more 
vocational than might otherwise be expect. The illness has given me significant insight 
into the problems of asthma treatment and problems that living with asthma can create. 
Experience had taught me that in order to solve some of these issues a combination of 
commercial pragmatism coupled with the rigor of the academic approach would be 
required to gain the appropriate level of insight. 
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Nomenclature 
A Cross-sectional area (m2) 
a Subset of non homogenous equilibrium model (NEM) 
b Subset of non homogenous equilibrium model (NEM) 
C Specific heat (kJ kg"1 K"I) 
CC Cunningham slip correction 
Cd Discharge coefficient 
D Diameter (mm) 
d Particle diameter or Subset of non homogenous equilibrium model (NEM) 
e Subset of non homogenous equilibrium model (NEM) 
FT Thrust (N) 
f friction factor 
G Mass flux (kg S"I m"2) 
g Gravity constant (m 5"2) 
g, Defined in NEM two phase models 
h Enthalpy (kJ kg"l) 
K Kelvin 
k Ratio of specific heats or evaporation rate constant 
L Short tube length (m) 
I length of jet (m) 
LID Ratio of short tube length to diameter 
m* Mass flow rate (kg S"I) 
mf Mass fraction 
mw Molecular weight 
N Number count in cascade impactor plate calibration 
P Pressure (Pa) or Probability of particle deposition 
Q Volumetric flow rate (m3 S"I) 
R Universal gas constant or Correlation coefficient 
Re Reynolds Number 
r Pressure ratio 
SG Specific Gravity 
vi 
s Entropy (kJ kg-I KI) 
T Temperature (K or 0c) 
t Time (s) 
u Velocity (m S-I) 
v Specific volume (m3 kg-I) 
vf Vapour fraction 
w Width or weight fraction (m) 
q Refrigerant quality 
Greek letters 
a 
~ 
y 
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P 
O"GSD 
v 
X 
<f> 
K I ,2 
Y 
Void fraction 
Ratio of short tube diameters (downstream to upstream) 
Slip ratio 
Dynamic viscosity (Pa s) 
Density (kg m-') 
Surface tension 
Geometric standard deviation 
Thermal diffusion coefficient 
Mean of lognormal distribution 
Volume (m3) 
Cross flow parameter 
Dissipation factor (spray momentum) 
Constants in dso equation 
Expansion factor 
Subscripts 
a Ambient 
cr Critical 
d Drug 
dn Downstream 
vii 
e Expansion 
f Liquid 
fg Latent heat of vaporisation 
g Vapour, gas 
p Pressure 
r Residual 
res Residual 
sat Saturated 
T Total 
tp Two phase 
up Upstream 
v Volume 
vc Vena contracta 
Acronyms 
ACI Andersen Cascade Impactor 
Active Pharmaceutical Ingredient 
Aerodynamic Particle Size 
British Pharmacopoeia 
Chlorofluorocarbon 
Computational Fluid Dynamics 
Effective Cut Diameter 
API 
APS 
BP 
CFC 
CFD 
ECD 
EP 
FPD 
GSD 
HFA 
PDA 
MMAD 
MMD 
MOC 
USP 
European Pharmacopoeia 
Fine Particle Dose 
Geometric Standard Deviation 
Hydrofluoroalkane 
Phase Doppler Anemometry 
Mass Median Aerodynamic Diameter 
Mass Median Diameter 
Micro Orifice Collector 
United States Pharmacopoeia 
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Chapter 1 Introduction 
1. Introduction 
The main focus of this research project was to investigate the operation of the 
pressurised, metered dose inhaler (pMDI) used in the treatment oflung disorders such 
as asthma. Asthma is a condition in which the air passages of the lung become 
narrowed from time to time, making it difficult to breathe. The classic symptoms are 
chest tightness, cough and breathlessness with, commonly, an audible wheeze when air 
is forced through the narrowing air passages. These attacks are induced by many factors 
including, allergies, chest infections, stress, and air pollution. The word asthma comes 
from the Greek asthatikos, meaning 'breathe hard'. 
Asthma is common, affecting about one in seven children and one in 25 adults (around 
3.4 million people in Britain have the condition, including 1.5 million children). 
Research indicates that that asthma is on the rise" one study indicated that three times 
as many children reported asthma attacks in the 1990s as in the previous decade. 
An effective study of the drug delivery process is very complex because of the 
significant number of variables. The considerable breadth of subject knowledge needed 
to effectively understand and then to model the process of drug delivery only serves to 
complicate it further. Many of the research topics for which a deep understanding is 
required, are themselves areas of specific research. These include but are not limited to: 
;, Cavitation and Boiling 
;, Nucleation and Bubble growth 
;, Metastable thermodynamics 
;, Atomisation 
;, Vaporisation 
;, Evaporation 
;, Two phase flow 
;, Heat transfer 
;, Particle transport and Impaction 
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The pressurised metered dose inhaler (pMDI) is small in size, convenient and easy to 
use. The apparently simple mode of operation, actuate and breathe, belie the very 
complex nature of the process. There are three basic functional classifications of inhaler 
types for asthma; they are relievers, which relieve the symptoms within minutes of 
being administered, preventers, which are taken regularly to reduce the underlying 
symptoms and combination products which are combinations of the other two and 
allow the patient to carry a single device. 
The functional press and breathe pMDI contains three basic components 
» Formulation 
» Container with a metering valve 
» Actuator (drug delivery device) 
The formulation contains the drug or active pharmaceutical ingredient (API). The API 
could be present in the form of a solution or a suspension. A solution is possible if the 
API is soluble in the propellant or can be solubilised by the use of a co-solvent or other 
solubilising excipient. The alternative and far more common formulation is that of the 
suspension. In the suspension formulation the micronised drug is present in the form of 
suspended solid particles in the respirable size range. The micronised particles can be 
produced by a number of processes including and not limited to, milling, high-energy 
impaction and spray drying. 
Until very recently there were a large number of commercial products that still used 
CFC's as the propellant system. These include propellants II 
(Trichlorofluoromethane), 12 (Dichlorodifluoromethane) and 114 
(Dichlorotetrafluoroethane). Products developed since the mid nineties use HF A 
propellant, 134a (I, I, 1,2 Tetrafluoroethane) and 227 (1,1,1,2,3,3,3 Heptafluoropropane) 
that have been shown to be more environmentally acceptable. 
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On of the biggest challenges facing the manufacturer of inhaled therapies is the 
assessment of product performance. Whilst it is relatively easily to measure the simpler 
product performance criteria such as drug content and valve delivery, aspect such as the 
size and quantity of drug particles reaching the required site offer much more of a 
challenge. The table below serves to highlight the significant difference that can exist 
not only between identical products from different manufacturers but on the assessment 
of respirable masses and the numbers used to describe such particle sizes and particle 
size distributions. 
Table I-I Cascade Impinger performance for \0 commercial Salbutamol products(J) by 
kind permission of the author 
The delivery of salbutamol from different brands of 
metered dose inhaler via the Volumatic spacer 
MD! Mean amount of salbutamol recovered (lIg) per lOO IIg 
actuation (95% C.!.). 
Manufacturer 
Dose To In Particles In Particles 
MSLI <5 ~m <3~m 
CP 36.4 (34.0-38.8) 31.0 (27.1-34.9) 24.9 (19.4-30.4) 
A&H 30.0 (19.2-40.8) 24.6(16.1-33.1) 19.1 (12.8-25.4) 
KPharm. 29.1 (18.5-39.7) 24.3 (16.2-32.4) 12.3 (12.8-24 8) 
Generics 27.6 (17.4-37.8) 19.7 (17.7-21.7) 15.3 (13,5-17.1) 
OPD -Kent 27.2 (18.3-35.6) 23.6(16.1-31.1) 19.7 (13.3-26.1) 
Baker Norton 25.8 (20.8-30.8) 22.7 (18.6-26.8) 12.0 (15.0-21.0) 
Hillcross 25.0 (14.2-35.8) 21.1 (11.9-30.3) 16.7 (9.4-24.0) 
APS 23.1 (20.3-25.9) 19.1 (16.4-21.8) 14.7 (12.0-17.4) 
Cox 23.0 (16.0-30.0) 19.2 (13.8-24.6) 14.7 (11.0-18.4) 
Berk 14.2 (10.7-17.7) 11.5 (9.2-13.8) 8.8 (7.1-10.5) 
MMAD GSD 
CP 2.2 (1.3-3.1) 2. I (1.9-2.3) 
A&H 2.2 (2.0-2.4) 2.4 (2.3-2.5) 
KPharm. 2.2 (2.0-24) 2.2 (2.1-2.3) 
Generics 2.9 (1.2-4.6) 2.7 (1.9-3.5) 
OPD -Kent 1.8 (1.6-2.0) 2.6 (2.2-3.0) 
Baker Norton 2.0 (1.9-2.1) 2.1 (2.0-2.2) 
Hillcross 2.2 (2.0-2.4) 2.3 (2.2-2.4) 
APS 2.3 (2.1-2.5) 2.3 (2.1-2.5) 
Cox 2.3 (2.1-2.5) 2.2 (2.0-2.4) 
Berk 2.4 (2.0-2.8) 2.2 (1.9-2.5) 
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The data for 10 identical (based on the label claim) commercial products (Table I-I) 
clearly demonstrate the problem of relating pharmaceutical performance criteria with 
pharmacopoeia based measured assessment of particle size. The data in Table I-I show 
no clear link between the mass of respirable product, whether this is defined as dose to 
the measuring instrument or fractions less than specified inhalation size ranges «5 J.UO 
or <3 J.UO) and the measured mean particle size parameter. The only sizing parameter 
defined in the British (BP) and European pharmacopoeia (EP)(2) is the MMAD (mass 
median aerodynamic diameter) which is a cumulative mass median and as such defines 
the particle size at which the measured mass can be split into two equal quantities one 
above and one below the median. 
The use of cumulative mass median data is based on the assumption that the particle 
size distribution of the inhalation product is lognormal. The pharmacopoeia states that 
one should plot the cumulative mass data on log probability paper and from this the 
MMAD and GSD (geometric standard deviation) can be calculated. The geometric 
standard deviation is defined as 
G CSD = 
dS' 13 dS'.13 dso 
=--=--
dl ,." dso dl'.'7 
(1.1) 
The pharmacopoeia(2) states that from the analysis of the solutions, calculate the mass 
of active substance deposited on each stage per discharge and the mass of active 
substance per discharge deposited in the induction port, mouthpiece adapter and when 
used, the pre- separator. Then starting at the final collection site (filter or micro orifice 
collector), derive a table of cumulative mass versus cut-off diameter or ECD (effective 
cut diameter) of the respective stage. Calculate by interpolation the mass of the active 
substance less than 5 Jlm. This is the Fine Particle Dose (FPD). The FPD is therefore a 
key parameter in defining the perceived pharmaceutical performance. It is often the 
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case that pharmaceutical data are presented with the FPD being defined as less than 4.7-
J.lm as this diameter coincides with a specific plate grouping from the commercial 
inertial impactors such as the Andersen cascade impactor (ACI). 
The pharmacopoeia states that if necessary, and where appropriate (where there is a 
log-normal distribution), plot the cumulative fraction of active substance versus ECD 
diameter on log probability paper, and use this plot to determine values for the Mass 
Median Aerodynamic Diameter (MMAD) and Geometric Standard Deviation (GSD) 
as appropriate. Appropriate computational methods may also be used. Although the 
clause where appropriate is used, no definition or test methodology is suggested. 
The particle size distribution is a key parameter however a significant limitation in the 
process of determining a suitable functional parameter is the general lack of knowledge 
as to the basic nature of the distribution. It has long been regarded within the industry 
that the particle size of an inhalation product is of the lognormal type. The wording in 
the pharmacopoeia suggests that while this maybe the case it is by no means clear cut, 
hence the use of the term, where appropriate. 
It has been suggested that a Rosin Rammler distribution is often a better fit to 
pharmaceutical based atomisation data(3-5). In an attempt to explain the lack of fit for 
impactor based data Thiel(6, 7) has proposed the use of numerical processing to 
determine the underlying lognormal from the non linear plots that are generally derived 
from cascade impactor data. Since the advent of the cascade impactor many authors 
have strived to define a method to accurately reconstruct the cascade data(8-14). Before 
this can be achieved however one must know the exact definition of the target 
distribution. 
A key aspect to the problem of obtaining a full understanding of the particle size and 
the nature of distribution generated by the atomisation process is determining the most 
relevant particle characteristic. In inhalation it is the aerodynamic particle size, which is 
5 
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the diameter, normalised by density, which is the most important particle characteristic 
for the accurate determination of a particles inertial deposition potential. 
D aerodynamic = D physical * ~ SG particle (1.2) 
There are a wide range of instruments available to measure the size of particles within 
the size range generated by the atomisation of propellant systems. The choice of 
instrument used for the analysis is dependant on a number of choices as no one 
instrument can give all of the information required. 
Table 1-2 A comparison of the various features that each of the particle sizing 
techniques considered has to offer 
Andersen Aerodynamic Phase Doppler Laser 
Cascade Particle Sizer Anemometer Diffraction 
Impactor (APS) (PDA) 
(ACI) 
Aerodynamic Yes Yes No No 
Diameter 
Active Yes No No No 
Ingredient 
USP throat Yes Yes No Potential 
Spatial No Potential Yes Partial 
measurement 
Temporal No Potential Yes Yes 
measurement 
Units tested 1-5 lOO's lOO's lOO's 
per day 
Sample type Full Partial Partial Partial 
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The cascade impactor is the preferred choice of the regulatory bodies and therefore the 
pharmaceutical industry because of the full analysis of the API. The remaining 
techniques find use in a variety of applications within various aspects of the industry 
because they offer the capability of providing answers to various design and testing 
aspects in a much shorter time and with less cost than cascade impactors, which 
because of the need to clean, dry, assemble, test and analyses each of the plates, 
requires a significant effort with respect to time. The other techniques can generate data 
in a much shorter time frame, generally in the order of a minute or less for repeated 
actuation/firing of a single unit. 
While the PDA offers advantages in spatial and temporal measurement, it measures in a 
small spatial volume « I mm3) and requires significant time and effort to map the 
spray generated by a pMDI and does not measure the aerodynamic diameter. Dunbar(4. 
15} has demonstrated the benefits of using the PDA for the analysis of the spray 
emitted by the pMDI. 
The laser diffraction instruments also offer fast data analysis of the pMDI spray but the 
measurement volume is limited to that occupied by the width ofthe instruments laser 
beam. There are a number of issues with respect to the correct instrument set up, these 
include but are not limited to the choice of optics and their alignment, diffraction 
theories (Fraunhofer, Mie), resolution, optical properties ofthe medium and data 
analysis algorithms(16}. 
lithe designer of pMDI inhalation products is to be able to predict and model the drug 
delivery process then it is imperative that several key parameters regarding the delivery 
process are fully understood and that suitable data are available. The key parameters are 
the initial droplet size and velocity of the product as it exits the orifice of the delivery 
device. The droplets are essentially made up of the non-volatile residuals, drug and 
excipients such as surfactants and the relatively volatile liquid components such as 
residual suhcooled propellant and moderately volatile excipients such as ethanol. 
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Therefore to successfully track a droplet from the exit to its point of impaction requires 
knowledge of the remaining constituents within the droplet and temperature of the 
droplet. The velocity of the droplet also requires an assessment ofthe exit momentum 
that includes the velocity of the flow field in which the droplets are being carried. 
With the advancement in computer technology and computational software there has 
been a significant effort to model the deposition of particles in the mouth, throat, larynx 
and upper and lower respiratory tract(17-36). In most of these modelling scenarios 
especially those applicable to the upper airway the general assumption is made that the 
particle size is fixed (no evaporation) and significantly the particle velocity is generally 
assumed to be that ofthe local airflow. In reality these assumption cannot be applied 
because of the very dynamic nature of the inhalation drug delivery process. 
Prior to the advent of computer based systems, data for the deposition of particles was 
obtained on simpler modelling assumption regarding the geometry together with the 
use of impaction criteria such as the Stokes number, or more specifically the square 
root of the Stokes number (proportional to aerodynamic diameter). The Stokes number 
does not provide an absolute solution to the impaction probability problem found in 
cascade imp actors. It will be shown later that even the simplest form of impaction, that 
of round or rectangular jets onto perpendicular surfaces, results in a wide variation in 
the critical value of the Stokes number. This indicates that the Stokes number, whilst 
providing a good guide, does not produce absolute solutions because of the large 
number of geometric variables in the system. 
In the mid sixties the Task Group on Lung Dynamics(37) defined a series of plots of 
deposition probability versus aerodynamic diameter for the nasal, pulmonary and 
tracheobronchial regions. The optimum deposition size for pulmonary deposition was 
in the region 2-3 fUll aerodynamic diameter, with a further peak at the lower end of the 
sub micron region. In this particle size region the particles effectively behave like gas 
molecules and can become trapped in the alveolar re-circulatory regions as can larger 
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particles that successfully penetrate that far into the lung and potentially can penetrate 
further on subsequent inhalation(18) 
The nature of the turbulence in the oral cavity is another key aspect to understanding 
the deposition of the inhaler plume(38). The effect of turbulent flow on the impaction, 
interaction and transport of particles has been extensively studied(30, 31, 39-78) and is 
key to understanding deposition not only in the patient but also in the inertial based test 
methods. 
It is widely regarded that the in vitro measurement of aerosol particles is important in 
the development of devices, fonnulations and quality control but offer only an 
imprecise estimates of potential in vivo lung deposition(79). It is therefore important 
that the inhalation product and device developer utilises all available tools and 
techniques in a logical way and does not become blinkered by the all too familiar and 
often limited phannacopoeia based methods. 
lh adrenoceptor agonists (relievers) such as salbutamol when administered by the 
inhalation route result in bronchodilation within minutes of the drug delivery. The 
therapeutic effect of the inhalation route is very efficient with the same therapeutic 
response being generated by the administration of 100 Ilg of inhaled drug as 4 mg by 
the oral route. The onset of the therapeutic effect is also significantly enhanced by 
inhalation compared to that of oral fonns such as syrups. The inhalation effect takes 
only minutes whereas the orally administered syrup can take more than an hour to 
generate a similar level ofbronchodilation. The inhalation route is therefore very 
attractive for the systemic delivery of drugs provided a suitable drug fonn and delivery 
can be achieved. 
1.1 Formulation of the medicament 
The greater part of the fonnulation is made up of the propellant system. In general the 
propellant constitutes between 70-99% by volume of the total. In most practical cases it 
is greater than 90%. The API is generally present in very low concentration, typically 
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between 50-200 J..lg per actuation, significantly less than 1% of the total. The 
propellants are liquefied gases and are preferred over compressed gases because of their 
ability to maintain a constant vapour pressure during the life time of the product and are 
not affected by the number of doses removed from the container. 
Historically the propellants were of the CFC type with propellants 11, 12 and 114 being 
the preferred choice. Having 3 propellants with very different density, solubility and 
propellant pressures gave the formulator more choice than today where the ozone 
friendly HFA propellant 134a and 227 are used. Although the two HFA propellants 
offer density and solubility differences the propellant pressures are significantly closer 
than in the CFC's, giving less flexibility with respect to propellant pressure and 
consequently the velocity of the spray. 
The active drug or API needs to be delivered to the target area, in this case the lung in 
the most efficient way. As will be discussed later the particle size required for particle 
penetration to various parts of the lung has been reasonably well established such that 
the desired clinical effect can be achieved. The role of the product formulator is to 
ensure that the API is formulated such that it meets all of the requirements needed to 
satisfY the regulatory authority, with the primary focus on safety, efficacy and 
reliability for the shelf life of the product. 
The API is either dissolved or suspended in the propellant. The simplest formulation is 
where the drug is soluble in the propellant and the formulation only contains the API 
and a propellant. In reality this is a very rare situation and the API generally needs to be 
dissolved in a co-solvent in order to produce a solution, therefore the simplest practical 
solution would contain three ingredients, API, propellant and co-solvent. The first step 
in the development process is to determine the solubility of the API in the propellants 
being considered as partial solubility of the API can lead to crystal growth and Ostwald 
ripening, which will result in a deterioration ofthe product performance due to the 
growth ofthe API particles in a suspension formulation. 
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Formulations that contain drug in a suspended form will require the raw drug particles 
to be in the size range required for inhalation. The upper limit for inhalation is 
generally accepted as less than 10 !-lm and ideally the size should be less than this to 
allow for increase in size of the drug particles during the shelflife of the product due to 
factors such as agglomeration, crystallisation, Ostwald ripening. The most common 
method for reducing the size of the API is a fluid energy mill (microniser). The 
microniser uses large quantities of clean filter air to induce high-speed particle to 
particle collisions. It is the high-energy particle collisions that break up the drug into 
smaller particles. As the break up is purely mechanical, there is minimal risk of 
contamination of the drug. The use of large quantities of air help to ensure there is no 
thermal degradation of the drug and control of heat generated also minimises thermal 
effects and heat sensitive drugs can be micronised without degradation. However some 
drug materials do undergo polymorphic changes, these together with toxicology and 
degradation are outside the scope of this work. 
One of the advantages of a solution formulation is the inherent homogeneity (the drug 
concentration is everywhere constant). In suspension formulations there is the risk of 
sedimentation or creaming, which is a function of the resolution of forces acting on the 
suspended particle. If gravity is the greater factor then sedimentation will result. In 
sedimentation the drug particles migrate to the bottom of the container. If buoyancy is 
the greater then creaming will occur and the particles will migrate to the surface. 
Brownian motion complicates the process for the movement of particles with diameters 
less than 0.5 !-lm as do processes such as flocculation. 
The goal of the formulator is to minimise these effects by density matching the 
propellant density to that of the drug. However, this process is further complicated by 
the use of surfactants and the size of the drug particle. The settling velocity of the 
particle is proportional to density difference and the square of the diameter (based on 
Stokes law, to be discussed later). 
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The patient is instructed to shake the device prior to administration. The key to a good 
suspension formulation is one that does not separate rapidly after shaking, if it does 
separate rapidly then there is the risk that the concentration of the formulation will not 
be homogeneous when the valve refills and the wrong dose level will be administered 
during the next actuation. Based on the design of the pMDI, the valve refills from the 
base of the container, if the formulation creams there is the risk of a low next dose and 
if it sinks there is the risk of a high dose. As a result time becomes a significant variable 
when testing pMDI's for pharmaceutical performance. 
Surfactants are widely used in the formulation of the pMDI. The term surfactant is used 
to describe a compound that forms an interaction with a surface. Hence the term 
surface-active agent is often used to describe such materials. One of the specific 
properties of surfactants is the specific nature of the polarity of the molecule. To be 
surface active it must have a polar or hydrophilic end and a non-polar or hydrophobic 
end. The surfactant aids the dispersion of the drug particles in the propellant by 
increasing the wetting of particles by propellant. Surfactant can also increase the 
solubilisation of the drug, the degree to which this is possible depends on the chemical 
structure of the surfactant, drug and propellant system. Surfactants are also beneficial 
for the mechanical function of the valve as the surface activity can lower friction. There 
are only a few surfactants approved for use in pMDI formulations. Sorbitan trioleate 
was used in CFC formulations but is not as compatible with the HF A propellants as 
oleic acid. 
The surfactant molecules polar end is attracted to the drug particle leaving the 
hydrocarbon chain end as the outer layer thus increasing the compatibility with the 
propellant. The amount of surfactant needed will depend on the total surface area of the 
drug particles; any excess surfactant can form surfactant only droplets. Surfactant only 
droplets (Figure 1-1) are one of the main reasons the pharmaceutical industry prefers 
instrumentation that determines mass of the API. 
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Hydrophilic e- Hyrophobic hydrocarbon chain 
Figure I-I Suspension of drug particle by surfactant molecules 
1.2 Chemical, Physical and Mechanical Stability 
It is important that the drug and excipients remain stable over the shelf life of the 
product. The general rule of thumb is that drug substances are more chemically stable 
in the solid form and that suspension products are therefore the preferred option, 
however, this needs to be established for every new product. The main source of 
potential catalysts for degradation comes from extractable materials from the rubber 
seals and other valve materials. It is normal practice to have an extraction process that 
removes as many of the extractable materials before the seals are used. It is however 
important that the extraction process does not detract from the mechanical stability of 
the seals. 
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The mechanical stability of the pMDI is primarily concerned with the valve component 
and is discussed below. Whereas mechanic stability focuses on the valve, the 
formulation is the focus of physical stability. The main sources of instability are 
deposition of formulation onto the surfaces of the valve components or the container, 
diffusion, crystal growth and coagulation. 
The final product is subject to years of stability testing, over a range of temperature, 
humidity and orientation conditions. Samples are removed at regular intervals for 
assessment of the physical, chemical and mechanical stability. 
1.3 The metering valve 
The quantity of drug delivered by the pMDI depends on the concentration of the API in 
the formulation and the metering volume of the valve. Commercially the volume of the 
valve will be in the range 25 to 100 Ill. The valves are made from metal (stainless steel) 
or plastic and in some cases a combination of both. A key requirement ofthe valve 
function is the reproducibility of the volume delivery (metered) from actuation to 
actuation and from the start of the units life through to the last actuation, depending on 
its design. 
The valve needs to function reliably for the specific life of the product, which is 
typically in the range 2-3 years and for the specified number of actuations, typically in 
the range 60-400. During the life of the product the moving parts of the valve should 
not stick and this is often achieved by the addition of a surfactant to the formulation or 
alternatively by pre-treating the metal surfaces with a lubricant. A more recent 
innovation is the use of a process that lowers the surface energy of the interfaces. 
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Figure 1-2 the various components used in the manufacture of one pMDI can closure 
systems (Reproduced by courtesy 3M Healthcare Ltd) 
Friction plays an important role in the forces required to actuate the valve. It is 
important that the fri ction between the valve stem and the rubber sea ls does not 
undergo s ignificant change du ring the life of the dev ice. If the frictiona l force increases 
th en the pati ent or the dev ice (in the case of a breath actuated devi ce) must apply more 
force to re lease the dose. Thi s can pose a problem for both youn g and old or those with 
any form of infirmity. The typical pMDI device requires a force of approx imately 25-
35 N in order to depress the stem suffi c iently fo r the meterin g valve to fun ction and 
release the dose. 
Changes can occur due to a variety of the phys ica l time based changes in the rubber 
sealing materials. There are also a number of product specific changes that can occur, 
these can include, but not limited to, the depos ition of drug part icles onto the surface 
between the mov in g components, extraction of additives fro m the seal material s by the 
fo rmulation and the time interval between actuati ons. 
The tim e between actuations can be a s ignifi cant vari able depending on the type of 
pMDl product. In the use o f relievers the pat ient is generall y instructed to use the 
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dev ice as and when requ ired (within the limits spec ified by the pat ient in struction 
leaflet or the practitioner) to re lieve the symptoms of an asthma attack. Thi s type of use 
can mean a dev ice not be ing used for anythi ng between a few days to a few months or 
longer if the dev ice has been prescribed fo r a seasona l allergy problem. In the preventer 
and co mbination type products the patient is instructed to use the device at regul ar 
interva ls. 
The outer va lve seal, can to valve seal and the va lve crim p are des igned to min imise 
lea kage of the propellant system over a wide range of storage cond itions. 
a b c 
Head space (vapour) 
Formulation 
Metering V alve 
Stem 
d e f 
o open • closed 
Figu re 1-3 Stages in the actuation and return of a metered dose inha ler valve 
The metering volume dispensed by the dev ice is a function of the dimensions of the 
valve components used in the construction. T he bas ic valve des ign has a meterin g tank, 
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ferrule, spring, stem and the rubber sea ling components. The di mensions and hence the 
volume are also a function of the valve crimping process . The basic valve components 
can be seen in Figure 1-2. During assem bly the valve components are crimped into th e 
ferrule. In the manufacture of the aerosol unit the valve and ferrule unit is crimped on to 
the top of the can. The assembled com ponents in the final configuration can be seen in 
Figure 1-4. The various stages of the metering process are shown in Figure 1-3. 
I . In ' a' the device is at rest and in the in use orientation 
2. In ' b' the device is startin g to be actuated (compressed) 
3. In 'c ' the dev ice has reached the point of firing (dose delivery) 
4. In 'd ' the device has been released and started to return to a 
5. In 'e ' the va lve has started to refi ll 
6. In ' f th e device has returned to 'a ' 
The detailed sequence of events during device actuation/firing is as fo llows; assuming 
the device is at rest and in the correct ori entation (va lve down) the meterin g chamber is 
full of fo rmulation. The metering valve has in effect two valves, one inlet and one 
outlet. The liquid part of the formulation is free to enter the valve through the open inl et 
(ideal situation). When a fo rce is applied to the top of the unit the stem is compressed 
and starts to move upwards through the meteri ng valve. After a short distance of travel 
the inner valve seals offand the vo lume of the meterin g chamber is now fixed and no 
material can leave or enter the metering chamber. As the stem continues to move into 
the valve the outlet opens (this outlet has a variety of names, the side pierce, stem 
orifice, or valve orifice to name but a few ). Once this orifice is open the formulation 
(under saturated vapour pressure) is emitted from the device . 
The rate at which the formulation is emitted by the device is a function of many 
var iables as will be discussed later. It is c ritica l that the force applied to actuate the 
device is not above a certain value or dam age to the valve can result. The damage can 
be in the form of displacement of a seal, d istortion of the valve components or 
permanent physical damage to the va lve or its meteri ng capabili ty. Once the device has 
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fired and del ivered the metered dose, the force is re leased and the spring in the valve 
pushes the stem back out of the dev ice. As the stem moves outwards the outlet orifice is 
again sea led by th e rubber outer seal and for a moment the valve is empty except for 
any vapour remaining from the prev ious actuation. As the stem continues to return to 
the at rest pos ition the inner orifice passes through the inner seal and the metering valve 
is open once more to th e contents of the aeroso l can and the formulation can now pass 
into the metering chamber refi lling it once more ready for the next dose to be delivered . 
1.4 The Formulation Container 
The formulation container (bottl e, cani ster, can or closure) fo r the MOl is made from 
aluminium; however, glass, plastic and suitab ly coated material s also find lim ited use. 
Clear plastic or glass con tainers are use ful for studies req uirin g visuali sation of the 
formulation. The conta iner has to be ab le to withstand the relatively hi gh, saturated 
vapour pressures generated by the propellant. At room temperature the pressure wi ll 
typicall y be in the region of 4-6 bar dependin g on the propellant, propellant mi x and 
other co-so lvents used . However at fairl y modest temperature increases the vapour 
pressure rises very rapidly. Prope llant 134a has a saturated vapour pressure of 570 kpa 
at 20°C, which rises to 1020 kpa at 40°C. The container has to be ab le to withstand 
continued cyc le between temperatures. The temperature cycle of device is part of the 
stabi lity protoco l used in the development and regulatory submiss ion for inha lation 
products. The seal between the container and the va lve has to be capable o f 
withstanding these high pressures as well as prevent the leakage of propellant out of th e 
device . It a lso has the function of preventing the ingress of mo isture into the 
formul ation. 
It is important that the container does not react with any constituent of the fo rmulation. 
In certain cases in is necessary to coat the can w ith an epoxy or other suitable coatin g to 
prevent any such reactions taki ng place. The coating process can also reduce the 
mechanical depos ition ca used by th e surface roughness of container. The coatings can 
also help to prevent deposition of the API onto the walls of the conta iner. The use of an 
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opaque container also serves other purposes such as preventing the patient from see ing 
the formulation as well has prevent the transm ission of light and ultra vio let radiation 
that can cause degradation of the AP I or any other component of the formulation. 
1.5 The Actuator, Adaptor or Delivery Device 
The terminology for this part of the inha lati on dev ice is based on derivations of its use. 
The term adaptor is derived from the fact that the unit is designed to fit or 'adapt' to the 
mouth or nose and hence the term adaptor is commonly used. The term actuator is 
derived from the fact that one has to ' actuate ' the valve in order to deliver the dose. The 
primary function of the dev ice is to a id the de l ivery of the drug to the patient and hence 
delivery dev ice is yet another common term. 
MOl, aellv;r a 
oonslSiwnl dos; 
01 m;(llCallO n 
IrcaJ&rdenl 
01 In" lorcg 01 IN 
paUenrs InSPlf8lK>n . 
Figure 1-4 section th rough a typical pMDI valve can and actuator (Reproduced by 
courtesy 3M Healthcare Ltd) 
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The actuator is general ly mou lded from plastic, the most comm onl y used materials 
being polypropylene and po lyethylene. 
There are a wide range of devices avai lable for the inhalation delivery of the metered 
formulation to the patient. Although there is a wide range of designs, colours and s izes 
they all have a com mon design theme that has existed si nce the inception of the pMDl 
over fifty years ago. 
The basic des ign is simple, as the actuator has to ho ld the container in the correct 
orientation, i.e. valve down and deliver the aeroso l generated to the patient via the 
mout h. Given that the patient is assumed to be in a standi ng or s itting position and the 
re lative orientation of the mouth, the actuator has to turn the fl ow through 
approx imate ly 90 degrees to ensure the above crite ria a re met (Figure 1-4). The angle 
wil l be greater than 90 degrees for adm ini stration v ia the nasa l route. 
Figure 1-5 examples of the many and varied actuator des igns currently in use 
(Reprod uced by courtesy 3M Hea lthcare Ltd) 
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The actuator is often regarded as just an extens ion of the va lve and container but as wil l 
be discussed in greater deta il later it fo rm s a very important and integral part of the 
inhalation perfor mance of the product. 
The mo uth piece cover is often co loured different from the body of the actuator (Figure 
1-5) to aid patient compli ance, such that it is re lative ly obv ious which part has to be 
removed prior to use. The cover is intended to prevent dirt, dust and other contaminants 
entering the depos iting in and around the mouth piece as these could be inhaled during 
use. The patient should always replace the cap when the dev ice is not be ing used . This 
is parti cularly important if there were a ready su pply of small particulates, flu ff, dust 
etc. as would be fo und in the pocket or handbag of the user. 
There are a number of aspects of the geometry and des ign of the actuator th at affect the 
per fo rmance of the produ ct. The most obv ious aspect to the casual observer would be 
that the spray produced by the pMDI does not impact or impinge on the inside of the 
mouthpiece. That is the spray/plume needs to be central and the mouth piece geometry 
such that deposition on th e inner surfaces is minimised. 
The airflow paths around the conta iner need to be des igned to mi nimise the pressure 
drop generated when the patient inhales. The smaller the ai r path s the greater will be 
the res istance to inhalation. 
The stem of the valve has to form an interference fi t with the plastic stem block to 
ensure that when actuated the form ulat ion does not escape via thi s route causing a loss 
of dose to the patient and also prevent the stem from fa ll ing out of the actuator shou ld 
the device be inverted. 
The diam eter of the orifice in the actuator has a number of influences on the 
pharm aceutical performance of the product. It is im portant that the dimensions of the 
orifice are ti ghtly controlled durin g manu factu re and are free fro m moul d ing defects 
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that can restrict the fl ow and is ori ented such that the spray is centred in the 
mouthpiece. 
The length of the orifice also has an influence but there are limits to the length that can 
be moulded if the orifi ce has a small diameter, due to the rigid ity of the pin that forms 
the orifice during the moulding process. 
The actuator is designed with a small chamber between the ledge onto which the 
aeroso l stem is seated and the actuator ori fice and this space together with a portion of 
the ins ide volume of the stem form an expansion chamber, into which the formu lation 
will flow and flash, th is fo rm s a c lassic two orifice system. 
1.6 Breath Actuated Inhalers 
One of the major problems with inhalation therapy is ensurin g patient comp li ance with 
respect to the correct use and accurate de li very of the emitted drug part icles to the lung. 
One of the main fa ilure modes fo r correct therapy admin istration is the inabil ity of the 
patient to coordinate the two processes of breathing and actuating the device in the 
correct sequence. This fa ilure mode can best be env isaged by considering two 
extremes. In the first the patient breathes too earl y and in the second too late. I f the 
patient has completed the inhalation process before actuati ng the device then the drug 
wi ll be deposited in th e mouth and upper respiratory tract, any un-deposited drug wil l 
then be exha led. In the second in stance the patient actuates the device too early, in thi s 
case most of the drug will again be deposited in the mouth and upper respiratory tract, 
however any drug not deposited wi ll be inhaled when the patient begins to breathe in . 
One early so lution to this prob lem was the use of a device ca lled a spacer (section 1.7) 
a more recent innovation is a class of devices known as breath actuated inhalers. The 
breath actuated device works by removing the need for the patient to coordinate the 
press and breathing processes. The patient pri mes the device and then when ready 
places the device into the mouth and breathes in (depending on the device des ign it is 
a lso possible to breathe out through the device prior to breathing in). 
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Breath actuated devices use a spring to apply the necessary force to depress the 
container so that the stem is pushed fa r enough into the va lve to re lease the dose. The 
reason they do not fire when primed is based on the princip le of stopping or blocking 
the motion of the container, until the patient breathes in . When the patient inhales a 
pressure drop is created across a fl ap or vane, once sufficient fl ow is achieved th e vane 
or flap moves and releases the system that is stopping the motion of the canister and the 
dose is then delivered. The devices are designed such that the force required to release 
the blocking or holding mechan ism is achieved when the fl ow rate is pre-designated 
range, whi ch is normally between 15-50 litres per minute and ensures that the dev ice 
activates early in the inhalation cycle. If the activation flow rate required to release the 
dose is too hi gh or the patient is breathing in very slowly or a young/elderly patient is 
unable to generate sufficient flow rate, there will be a ri sk that the dev ice will not 
release a dose. In such circumstances it should be possib le to manually override th e 
breath-actuated mode and revert to the basic press and breathe mode. 
1.7 The use of Spacer Devices with pMDl's 
The spacer device derives its name from the fact that it increases the space between the 
mouthpiece of the actuator and the patient's mouth. There are a very large number of 
spacers ava ilab le commercially; they vary in design, s ize and shape. The very firs t press 
and breathe inhalers had very high levels of alcoho l in the formulation and the 
mouthpiece length on these early units was considerably longer than those found on 
today's inhalers. The purpose of the longer mouthpiece design is to increase the time 
ava ilable for evaporation of the volatile components, thereby improv ing the resp irable 
portion of the inhaler spray. There are three basic reasons fo r the use of a spacer device 
and they are: 
~ To overcome problems with patient coord inat ion 
~ In crease the time for droplet evaporation 
:.- In crease the distance to the throat thereby reducing the veloc ity of the spray 
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Poor coordi nation, hi gh drop velocity and increased drop s izes all increase the 
oropharyngeal deposition. The reduction of oropharyn gea l deposition is beneficia l in 
reducin g side effects and increasing the quanti ty o f med icament reach ing the lun g. 
Spacer des ign can be divided into three basic design types. 
> Short tube spacers 
> Medium volume spacers 
> Large volume spacers 
Short tube spacers are effective ly an extension of the mouthpiece having simi lar 
internal widths and diameters. Medium volume spacers are generall y of a one-p iece 
design type, with a vo lume of a few hundred cubi c centimetres. Large vo lume spacers 
are generally of a two-piece design, so they can be stored and carried more di screetly 
when not in use. 
It is important that the spacer fit to the actuator correctly, without leaks around the 
interface and th e actuator is correctly orientated so that the spray plume is centred in the 
spacer thus reducing the risk of impaction with the surface. 
Some med ium and large volu me spacers have a valve buil t into the mouthpiece end of 
the pacer. The valve prevents the patient fro m breath ing into the spacer. When the 
patient breathes out, the valve c loses and redirects th e exhaled ai r out of the spacer; 
thereby providing an escape route for the mo ist air exhaled by the patient. When the 
patient inhales the valve opens and allows the remaining suspended particles in the 
spacer to be inhaled by the pat ient. The design of the medi um and large volume spacers 
is to accommodate the ex panding plume em itted from the actuator. 
The presence of electrostatic charge is one factor that is known to alter the performance 
of inhaler devices in genera l and specifica lly spacers in . The idea l spacer would be 
made from or coated with a conductive material. 
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There are many problems encountered with th e use of spacer devices, patients find 
them non discrete and bulky. Many asthmatics are self conscious when us in g their 
medication and having to assemble a large, rather conspicuous device is less than 
appea ling. 
1.8 Cavitation and Boiling 
The terms cavitat ion and boiling are often used interchangeab ly to describe the 
formation of bubbles in a liquid . Though the basic mechanics of cavitation and boiling 
must clearly be similar, it is im portant to differentiate between the thermodynam ic 
paths that precede the formation of vapour. There are differences in the practica l 
man ifestations of the two paths because, although it is fai rly easy to cause uniform 
changes in pressure in a body of liq uid , it is very difficu lt to un ifo rmly change the 
temperature. Note that the cri ti ca l va lues of the tens ion and superheat may be related 
when the magnitudes of these quantities are small(80) . 
A liquid at constant temperature could be subjected to a decreasing pressure, which 
fa lls below the saturated vapour pressure. The process of rupturing a liqu id by decrease 
in pressure at roughly co nstant liquid temperature is term ed cavi tation. 
A liquid at constant pressure may be subj ected to a temperature, in excess of the norma l 
saturation temperature, at this po int at which point vapour is fo rmed. The process of 
rupturing a liquid by increasi ng the temperature at roughly constant pressure is term ed 
boi ling. 
1.9 Nucleation 
[n any practical experiment or application weaknesses can typ ica lly occur in two forms. 
T he thermal motions within the liq uid can form temporary, microscopic vo ids that can 
constitute the nuclei necessary for rupture and growth to macroscopic bubb les. Th is is 
termed homogeneous nucleation. In practical engi neerin g s ituations it is much more 
common to find that the major weaknesses occur at the bou ndary between the liquid 
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and the so lid wall o f the contain er or between the liq uid and sma ll partic les suspended 
in the liquid . When ruptu re occ urs at such sites, it is termed heterogeneous 
nucleation(80j 
The classical treatment using the kinetic theory of liquids is based on only the transient 
vo ids that happen to occur because of the the rmal motions of the mo lecules. In any rea l 
system several other types of weakness are possible. It is poss ible that nucleation might 
occur at the junction of the liquid and a so lid boundary. Kinetic theo ries have a lso been 
developed to cover such heterogeneous nucleation and allow eva luation of whether the 
chance that this will occur is larger or smaller than the chance of homogeneous 
nucleation. It is important to remember that heterogeneous nucleation could a lso occur 
on very small , sub-micron s ized co nta minant partic les in the liquid . Thi s is very 
signi fica nt fro m the pMDI perspective as most pMDI fo rmulations are based on 
suspension formulations containing large numbers of such particles. It would be 
difficult to distinguish experim entally between the two types of nuc leation. 
1.10 Bubble Growth 
The prope llant systems used within the pMDI have bo iling points we ll be low ambient 
temperature. Therefore during use the propellant is stored under saturation conditi on. 
Any sudden reduction in pressure will initiate cav itation and the subsequent form ati on 
of vapour bu bbles and once created these bubbles will continue to grow providing they 
are not limited by space, heat transfer or energy. The diameter of the bubbles will 
depend on the rate of growth, which can be determined, by the growth rate constant fo r 
the propellant system and time. The bubble growth rate is a crit ical aspect of flas h 
atomisation. 
1.11 Focus of the Present Research 
The primary foc us of the research was the factors that contro l the droplet s ize, residual 
part icle size, partic le size distribution, mass fl ow rate and the thrust of the spray. 
Second ary factors are the angle of th e spray plume, evaporation of the droplets and the 
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delivery/actuation time. These parameters control the overa ll effic iency in terms of the 
delivery of the drug product. An other key aspect is the interaction of th e above 
parameters with the intended delivery target, whether to the patient (in vivo) or to some 
laboratory particle s izing instrument (in vitro). 
Partic le size di stributi ons are trad itio nally measured by means of impactors in the 
pharmaceutical industry. In particular the Andersen Cascade lmpactor (ACI) is a 
widely-accepted instrument. More recentl y, the Aerodynamic Particle Sizer (A PS) and 
Phase-Doppler Anemometry (PDA) have begun to make inroads, but the characteri stics 
of these techniques are less well-known to the pharmaceutical community, so there is 
considerable reservation about more widespread adoption of these tech niques. 
Th is research seeks to improve the unde rstanding of the performance characteristi cs 
and relative merits of these techniques through a programme of comparative testin g and 
data analysis. Additional investigations will be reported re lating to the standard 
measurem ent technique, which involves using the ACI in conjunction with the US P 
throat as inlet port. The work assesses the merits of alternative inlet designs, wh ich 
eliminate some of the perceived di sadvantages of the US P throat and enable more 
meaningful interpretation of the results from the ACI and APS. The interactions o f 
particles with the US P throat and the various stages of the ACI depend on complex 
interactions between partic les and rapidly chang in g fl ow. Details of these interact ions 
are investigated using CFD. Finally, basic studies were carried out to document th e 
spray fo rmation and atomisation processes as well as their interacti on with the inlet port 
region. 
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2. Literature Review 
2.1 Cavitation, Nucleation and Bubble Growth 
The trans ition from liquid to a two-phase mixture by flashing in pipes and nozzles 
usually takes place in several stages. Much of the literature focuses on systems in wh ich 
in the initia l stage the liquid is initially subcoo led. In most studies liquid encounters a 
region of decreasing pressure, which may depend on acceleration and/or friction based 
on the geometry o f the specifi c flow region. When the pressure decreases the liquid is 
brought to a saturated state. A further decrease in pressure causes the liquid to become 
superheated. As liquid superheat is obtained, bubble nucleation starts, s lowly at first 
and then more rapidly as the superheat increases. 
The nucl eation rate is a strong functi on of the therm odynamic state of the superheated 
liquid , sometimes va ryi ng by orders of magnitude over very small temperature 
span(8 /) . It is important to note the difference between literature for initia lly subcoo led 
liquids and those situations as found in the pMDI where the liqu id is already at the 
saturation point prior to the transition to the superheated state and any metastable state. 
Shin and Jones(8 /) developed a distributed model for nucl eation in the superheated 
zone upstream of the throat in nozzles during fla shing with the foll owin g features: 
I . Development of a stability criterion for active cavities. 
2. Selection of a nucleating surface, which ties the stability criteria to an 
obtainable nucleation site density and cavity nucleation frequency in fl ashing 
flows. 
3. Calculation of the departure size of nucIei in the nuc leation zone. 
4. Correlation of nucleation frequencies at a given s ite and the surface density of 
nucleation sites as determined from the existing data. 
5. Determination of the maxi mum, energy-limited rate o f nucleation 
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The nucleati on model allows the throat superheat to be calculated within 2%. The 
nucleation s ite density was corre lated from the data and found to vary approxi mate ly 
with the degree of superheat to the 4th power of the superheat. While the nucleat ion site 
dens ity behaviour with superheat was quite similar to previous work, the actual 
magnitudes were very different due to their functiona lity with density. The resultant 
magnitudes of the bubb le number densities in the case of fl ashing were found to be 
orders-of-magnitude larger than those comp uted fo r subcoo led bo iling. 
Bubble s izes upstream of the throat were calculated to be in the range 1-100 mm and 
were not constant 
Gerum (82) studied the effects of superheat for several fluids including refrigerants, 
liquid gases, organ ic liqu ids and water in nucleate bo iling and concluded that in 
heterogeneous nucleat ion theory the superh eat in g of the liquid bound ary layer in 
nucleate boi ling describes not only the onset of nuclear boiling but also for the boiling 
crisis. The rate of superheat depends on the therm odynamic stability of the metastable 
liquid, which is influenced by the statistical fluctuations in the liquid and the nucleation 
at the so lid surface. Because of the fact that the cavities acting as nuclei are too small 
fo r microscopic observati on, the size and distribut ion function of the nuclei on the 
surface necessary for the determination of the probability of bubble fo rm ation cannot 
be detected by meas urin g techniques. The work of bubble fo rmation reduced by the 
nuclei can be represented by a simple empirical function , whose coeffic ients are 
determined from boiling experi ments. They were able to veri fy the use of 
heterogeneous nucleation theory to describe th e superheating of the liquid studi ed. 
In an accompanying work to that of Shin (81), Blinkov(83) deve loped a quasi-one-
dimensional, five-equation, homogeneous, non-equilibrium mode l and utilized a 
microcomputer to calcu late th e behaviour of fl owing, initia lly subcoo led, fl ashing water 
systems. Equations for mixture and vapour mass conservation, mixture momentum 
conservation, liq uid energy conservation and bubble transport were di screti sed and 
li neari sed semi-i mplicitly, and solved using a successive iteration Newton method . 
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Closure was obtained through s imple constitutive equations for fri ction and spherical 
bubble growth, and a new nuc leation model fo r wa ll nucleation in sma ll nozzles 
combined with an ex isting model fo r bulk nuc leation in large geometri es to obtain the 
th ermal non-equili brium between phases. The model described was applied to choked 
nozzle fl ow with subcoo led water inlets based on spec ified inlet conditi ons of press ure 
and temperature, and vanishin g inlet vo id fraction and bubble number density. Good 
qualitative and quantitative agreement with the experiment confirms the ad equacy of 
the nuc leation model s in determinin g both th e initi al size and number dens ity of nuc lei, 
and indicates that mechani ca l non-equilibrium between phases is not an important 
factor in these fl ows. It was shown that bulk nucleation becomes impo rtant as the 
vo lume-to-surface ratio o f the geometry is increased . 
Xu(84) conduced a series of trans ient critical fl ow experiments with convergent-
di vergent nozzle as th e break geometry was conducted using a hi gh-press ure steam-
water test loop. Ex perim ental results showed th at with increased inlet subcoo ling, the 
critica l mass fl ow rates are increased, however, the pressure under hoot and liquid 
superheat at incipient fl ashing are decreased. 
A new wa ll surface cav ity nuc leation mode l was presented. Based on th is theory, the 
coni ca l contact angle at the menisc us of the nucleation cavity is 38° when saturated 
liquid initially discharges through the nozzles. With increased inlet stagnation 
subcoo ling, the coni cal contact angle at th e men iscus is decreased whil e the curvature 
radius of the meni scus is increased. The predicted mass fl ow rates based on the new 
wall surface cav ity nucleation model gave good agreement to pub lished data. 
In a study of homogeneo us bubble nuc leation in stretched fluids, bubble nuc leation was 
studied from the viewpo int of understanding cav ity form at ion within superheated 
liquids, computationa l methods were used to determine the work of forming cavities o f 
various s izes within the superheated Lennard-Jones liquid at severa l negat ive 
pressures(85) . The revers ible work of formin g cavities ((defined as spherical regions 
devo id of any pa rt icle centres) of various sizes was determined for liquids under tension 
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at various temperatures. A critical cavity s ize was found to occur, beyond whi ch the 
liquid would phase separate if not for the impos ition of a vol um e constraint during the 
simu lations. The radius of thi s criti cal cav ity was fo und to decrease with an increase in 
the extent of penetrati on into the metastab le region of the phase diagram, approaching a 
zero radiu s at the spinodal. 
Unlike stable liquids, the presence of large cav ities destabi lizes metastab le liquids, 
leadi ng to further spontaneous growth of the cavity. The size of this critica l cav ity 
obtained at several temperatures al so scaled with the ratio ~~~~spin (the ratio of 
chemica l potential at that temperature to the chemical potential at the spinodal at that 
temperature) to be a natura l parameter to corre late data dealing with the problem o f 
bubble nucleation. 
To determin e the work of forming cav ities beyond the critical cavity s ize, a volume 
constraint was imposed during the s imulations. For at least negative press ure liquids, 
the work of cav ity format ion eventu ally displayed a max imum, decreasing for larger 
cav ity rad ii . The dependence of the work of cavity formation and radius at the 
maximum on the temperature and pressure o f the metastab le liquid is qualitatively 
si milar to that oFa critical bubble. They were unsure as to whether cav ity formation 
plays a dominant role in the mechanism of bubble nucleation. A bubble, which is 
characterized by a region of very low density, is s imilar to a cav ity, a region completely 
empty of particle centres. Yet, the s ize of a bubble needed to contain even a few 
particles, such that the density of the bubble is near that of the corresponding vapou r, is 
large. Thus, for highly superheated liquids, bubb le nucleat ion may proceed via the 
formation of a small cavity that first serves to destabilize the liquid. As the cavity 
grows in size, particles may diffuse into the cav ity, thereby forming a bubble. 
Afterward, bubble fo rmat ion and growth would be drivin g the phase transition. 
In a study ai med at predicting nucleate boiling heat flu x values, Shin(86) the complex 
transport and coupled interface dynam ics oF nucJeate boiling were simulated in three-
dimensions using the Level Contour Reconstruction Method. The work was ai med at 
31 
Chapter 2 L iterature 
predicting nucleate bo iling heat flux values more accurate ly on a real surface by 
including the effect of nucleation site density in the numerical model. This was 
achieved by changing the surface area for a s ingle nucleate bubble corresponding to the 
wall temperature. 
A numerical simulation of heat transfer durin g growth of single vapour bubbles in 
nucleate boiling was cond ucted by Genske(87). In the model presented the region 
around a s in gle growi ng vapour bubble in nuc leate bo iling is subdivided into three 
parts: a small, ring-shaped zone between heating wa ll and bubble, ca lled micro-region , 
the bubble itse lf, and its surrounding liquid , referred to as macro-region. 
A special emphasis was placed on the micro-region as being the most imponant fo r 
heat transfer and a recently developed model put spec ial emphasis on thi s region , and 
predicted heat transfer, bubble growth, and departure diameters of vapour bubbles for 
low to moderate heat fluxes fa irly well. 
In a study of bubble grow th for both soft (s lip) and rigid (no s lip) bubbles was 
undertaken by Ivashnyov(88) Two mathematica l models describing the thermal growth 
of a bubb le in a stream of su perheated liquid were developed. The models differed on 
whether shear stresses were preserved at the interface. A simple approx imation for the 
dependence of usselt number on Jacob and Peclet numbers was developed o n the 
grou nd of the self-similar so lution. Comparison of numerical simulation resu lts 
obtained using the suggested models with experimental data for a bubb le rising in 
superheated water showed that until the bubble radius does not exceed critica l size, 
determined by liquid superheats, the experimental data fits the model of the "rigid" 
interface. After the bubble radius reaches the critical size, the experimenta l points fit 
the curve provided by the model with a "soft " phase interface. The process of 
softening a vapou r bubble for a phase interface in its growth is likely to take p lace. 
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A numerica l procedure for spherical vapour bubble growth has been described by 
Lee(89) the complete process from the therm odynamic critical state over a wide range 
of pressure and superheat encountered in experimental work. 
The di sturbance necessary to compute vapour bubble growth from the critical size did 
not significantly affect subsequent bubb le growth except for very low levels of 
superheat, provided that the disturbance is suffi ciently smal l, and manifests itse lfas a 
change in the bubble growth delay time. The delay ti me converges to a constant as the 
magn itude of the disturbance decreases. The early stage o f the growth was governed by 
surface tension and liquid inertia, and becomes of significance as e ither the initial li quid 
superheat or system pressure decreases. The bu bble growth tends to become inertia 
controlled as either the liquid superheat increases or the system pressure decreases, or 
tends to become heat diffusion contro lled as either the liquid superheat decreases or the 
system pressure increases. 
In a study to measure the bubble size, velocity, vo id fraction and bubb le concentration 
in flashing fl ows o f propellant 12 behind a sudden contraction, Domnick(90) concl uded 
th at nucleation takes place in the re-circulation zone immediately behind the 
constri ction, which is the location of the lowest static pressure . The mean fl ow fi e ld 
transports these bubb les downstream, during whi ch they undergo further growth . 
No add itional nucleation was observed dow nstream of the re-circu lation zo ne. A 
periodic, cloud type behav iour of th e bubble formation was found wh ich could be 
explained by the interaction between the bubble growth and the mean fl ow fie ld. This 
interaction results in strong d isturbances o f the mean fl ow field , which manifests as an 
increase of the flu ctuatin g bubble velocity by a factor of 3 compared to s ingle-phase 
meas urements in a region of 10 step hei ghts behind the constriction. These fluctuat ions 
appeared more like a periodic change in the mean ve locity rather than a hi gher 
turbu lence leve l. The measured arithmetic mean bubb le diameters ri se from approx. 50-
fun in the re-circulation region to about 70-80 fun 50 step heights downstream of the 
constriction. 
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Elias(9J} used a bubble transport equation, based on the theory of bubble nucleation 
and growth , in the analys is of two-phase flashing fl ows. Spontaneous nucleation at the 
fia shing inception point and heterogeneous nucleation in the liquid bulk are used as 
boundary and initial conditions, respecti vely. Analyt ica l so lution of the transport 
equation y ielded a constitutive re lation for the net vapour generati on rate along the 
tube, which is required for closure of a two-fiuid set of conservation and balance 
equ ati ons. The model predictions, in terms of fl ow rates and vo id fraction di stributions, 
compare fa vourably with measured data. A mechani stic representati on of the 
thermodynamic and transport conditions at the flashing inception point is described . 
The measured heat transfer data fo r the saturated fl ow boi ling of R-1 34a in the narrow 
annular duct has been stud ied(92}. They concluded that the saturated fl ow bo iling heat 
transfe r coeffi c ient increases with a decrease in the gap s ize. The effects of the 
refri gerant mass flu x and saturated temperature on the bo iling heat transfer coeffi cient 
were small but cannot be neglected, fl ow visua lization results from the study showed 
that the mean diam eter of the bubbles departing from the heatin g surface decreases 
slightl y with increasing refri gerant mass fiu x. At high heat fl ux many bubbles generated 
from the cavities in th e heating surface tend to merge to fo rm big bubbles. The mean 
bubble departure frequency increases with the increasing refri gerant mass flu x and 
saturated temperature and with the decreasing duct size. The bo iling heat transfer 
coeffi cient, mean bubble departu re diameter, bubble departure frequency and active 
nucleation site density in the saturated fi ow bo il ing were correlated in terms of the 
re levant dimensionless groups. 
Lie(93} also reported on investigations of the characteri stics of the evaporati on heat 
transfer for refrigerants R- 134a and R-407C fl ow ing in horizo nta l small tubes having 
the same inside diameter of 0.83 or 2.0 mm . [n the study the effects of the refrigerant 
vapour quali ty, mass flux, saturation temperatu re and imposed heat flu x on the 
meas ured evaporation heat transfer coeffi cient were examined in detail. The 
experim enta l data clearly show that both the R-1 34a and R-407C evaporation heat 
transfer coeffi cients increase alm ost linearly and s ignificantly with th e vapour quali ty 
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of the re fri gerant, except at low mass flu x and hi gh heat flu x. The evaporation heat 
transfer coeffi cients a lso increase substant ia ll y with the ri ses in th e imposed heat flu x, 
refri gerant mass flu x and saturation temperature. At low R-134a mass flu x and high 
imposed heat fl ux the evaporation heat transfe r coeffi cient in the sma ller tubes 
(O.83mm diameter) may dec line at increasin g vapour qua li ty when the quality is high, 
due to th e partial dry out of the refrigerant flow in the smaller tubes at these conditions. 
In a study to in vesti gation the effect of non-condensable gas present in water, on fl ash 
evaporation in water(94) The effect on evaporation rates of air content in fl as hi ng water 
was investigated experimentally in a sca led-down open-chann el fl ash evaporator.. The 
ratio of the loca l liquid superheat to the eq uilibrium radius of bubb les was proposed as 
the corre latin g parameter fo r the fl ash-evaporation heat transfer Stanton Number, and a 
correlation was developed. The presence of air in th e water was foun d to have an 
important influence on the process. 
A new model fo r fl ash ing flow based on wall nuc leation has been proposed by 
Riznic(95) . Model predictions were compared with experimenta l data. The bubb le 
number density and vo lumetri c flu x transport equations are used . Thus it was poss ible 
to avo id the usua l assumpti on of constant bubble number density. A vapour generation 
rate equation was derived. A correlation for the nuc leati on s ite density is adopted fo r 
appli cation in the fl ashing fl ow scenario. 
Fo ll owing the nucleation process, the next key step is the generation of vapour in the 
superh eated state that is induced by a sudden decrease in the pressure of the system. A 
study of the growth rate of vapour bubbles in superheated liquids is therefore a key step 
in the process of understand ing and modelling fl ow in the actuator of the pMDI. 
In the problem of heat transfer with bo il ing, the time hi story of bubble fo rmation and 
growth in a superh eated liquid is of great impo rtance. Lord Ray leigh too k the first step 
toward an understandin g of the process of bubble growth (or co llapse) when he 
formulated it as a prob lem in the hydrodynami cs of an incompress ible invisc id 
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fluid (96). In si mu ltaneous publications both Forster and Zuber(96) and Plesset and 
Zwick(97) cam e to s imilar conc lusions on bubble growth . 
Plesset and Zwick concl uded that the growth of a vapour bubble in a su perheated liquid 
is controlled by three factors: the inertia of the liquid, the surface tension, and the 
vapour pressure. As the bubble grows, evaporation takes place at th e bubble boundary, 
and the temperature and vapour pressure in the bu bble are thereby decreased. The heat 
inflow requ irement of evaporation, however, depends on the rate of bubb le growth, so 
that the dynamic problem is linked with a heat diffusion problem. They so lved the heat 
di ffusion problem. A so lution for the radius of the vapour bubble as a functio n of time 
was obta ined which is valid fo r sufficie ntly large radius. Their asymptotic solution 
covered th e range o f physical interest as the radiu s at which it becomes valid is near the 
lower limit of experimental observation. It shows the strong effect of heat diffusion on 
the rate of bubble growth . They found good agreement with experim enta l observatio ns 
in superheated water. 
Fo rster and Zuber fo rmulated an equ ati on set for the growth of a vapour bubble in a 
superheated liquid . They showed that two distinct time domains ex ist: one, of the order 
of 10-4 second, during which the effect of the hydrodynamic forces may be an 
important factor in the growth of the bubble, and another, during which this effect is 
unimportant. An equation was formu lated fo r the latter. A solut ion of the problem, in 
closed fo rm, val id for the enti re interva l of interest was presented and agreed we ll with 
experimental data fo r various superheats. 
Scriven(98) presented both a consolidated mathematica l statement of the problem 
together with an analys is of a single vapour bubb le in an unlimited body of superheated 
liquid when growth is controlled so lely by th e transport of heat and matter for both pure 
and binary mixtures, which are appl icable to the pMDI systems examined in the 
research. 
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2.2 Flashing and metastable flow of fluid systems 
Thermodynamically flashing results from suddenly lowering the press ure on a liquid 
until the bubble point is reached. Further lowerin g of the pressure will leave the liquid 
superheated. Under adiabat ic conditions the vapour fo rmed can only obtain heat from 
the liquid . Flashing can also occur when a so lution o f gas in liquid is suddenl y reduced 
below the bubble point. 
Brown and York(99) made a signifi cant early study of the fl ashing of liquid j ets. 
Liquids fo rced fro m a high-pressure zone into a low-press ure zone o ften cross th e 
equilibrium pressure for the liquid temperature and disi ntegrate into a spray by partia l 
evo lution of vapour, as fl ash boiling takes place. They reported on a study of llle sprays 
fo rm ed by such a process and of the mechanism of spray formation. Sprays from water 
and Freon II jets were ana lysed for drop sizes, drop velociti es, and spray pattern s. The 
break-up mechanism was analysed and data presented to show some of the controlling 
factors. 
A cri tical superheat was fo und, above which the jet of liquid is shatte red by rapid 
bubble growth within it. The bubble-growth rate was correlated with the Weber 
num ber, and a critical value of the Weber number was found to be 12.5 for low-
viscos ity liquids. The mean drop s ize was also correlated with Weber number and 
degree of superheat. 
The spray fro m rough ori fices and sharp-edged orifices was compared w ith sprays 
produced fro m co ld liquids by other techniques and was fo und to be compara ble in all 
respects except temperature. 
The fl ow of fl ashing liquids through orifices of di fferent orifice diameters, length and 
surface roughness have shown significant fl ashin g does not occur at temperatures just 
above satu rat ion, but that a substantial increase above saturation must be prov ided. The 
temperature range between which no effect is observed on the jet and shattering 
occurring in the jet was very narrow (5°C). The mean temperature between these two 
37 
Chapte r 2 Literature 
li mits was termed the shattering temperature. The velocity of particles was calculated 
from double pulse photography (I fl s duration, 22 fls between exposures) down steam 
of the orifice. 
2.3 Two Phase flow 
Two phase fl ows through pipe and short orifice systems are of great industri a l interest. 
Bes ides we ll-known app licati ons in the nuc lear and chemical industries, two-phase 
flow is a lso important in the deve lopment and des ign of modern aero engines. One of 
the key areas of research interest is centred on aspect of safety and the abi lity to model 
and predict the sudden release of pressu red liquids fo llowi ng the failure of vessels, 
pipes and va lves. 
The critica l fl ow of a s ingle-phase gas usually occurs when the speed of sound in th e 
gas is reached (Mach number = I) at the smallest cross-section. Even though the 
veloc ity is high, mo lecul ar relaxation phenomena are suffici ently rapid for the gas to be 
regarded as in therm odynamic equilibrium . 
In two-phase critica l fl ow the s ituation is more com plex . Relaxation times for the 
fonmation of new interfaces (nuc leation), heat, mass and momentum transfer, and the 
evo lution of flow patterns are comparab le with the tim e spent by the fluid in the 
"critical" region o f rapid property change. Although it may be possi ble to define a 
mathematical condition of criticality at one location, an entire region (that may include 
parts of the upstream system) plays a role in determin ing how thi s condition is 
approached. Those readers who are fam iliar with the diffic ult ies of making any two-
phase gas-liquid fl ow s ituation "well-defined" will appreciate that we should perhaps 
not expect to be able to be too precise in our description of these phenomena(JOO}. 
Walli s(JOO} pub lished a rev iew of criti ca l two phase flow. The purpose of thi s paper 
was to give a critical overview of the various analyt ical approaches that have been 
taken to two-phase critica l fl ow. Wallis emphasised the need present a genera l picture 
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of this field and view the various parts of it in perspective it has been necessary to avoid 
detail, especially the repetition of long mathematical derivations. The reader who 
wishes to investigate specific questions should be able to find the answer in the cited 
literature. 
Elias(lOJ) conducted a review of two phase critical flow, with emphasis on the results 
from system codes used to model the process. Ten different critical flow models 
formulated and tested in the study against an extensive set of data from critical flow 
experiments with water as the test fluid. 
Sher(102) developed a spray model based on the spatial arrangement of bubbles that 
expand in a two orifice system, the bubbles expand and explode on contact forming the 
atomised droplets at or just beyond the outlet orifice. The assumed physical model for 
the formation of spray by flashing appeared to be corroborated by the comparison 
between the experimental results and the theoretical expression for the average drop 
size, although the mathematical derivation is based on many simplifying assumptions, 
neglecting the effect of interference of bubbles during their growth. The bubble growth 
was not in thermodynamic equilibrium. Increasing the operating pressure in the spray 
can causes the average drop size to become smaller. As the pressure was increased, the 
average drop size is decreased but approach a lower limit. The distribution of droplet 
sizes was found to be similar in all of the experiments. Nozzle diameter appeared to 
have no appreciable influence on drop size provided there is ample opportunity for 
generation of vapour nuclei. 
A drop size model based on the geometry of expanding bubbles was developed(J02) for 
the mass median diameter (dso) of the spray as 
d = KP'[ h,/PZmw' ]4 exp(-2.5ln'aGsD ) 
so pep T'R2",1I2 K 4f)J'4 
I P l 'f' 2 
(2.1) 
39 
Chapter 2 Literature 
The homogeneous equilibrium model (HEM) of two-phase flow has been known for 
many years. The approach used in this model is to treat the two-phase mixture as a 
pseudo-fluid that can be described by the same equations as an equivalent single-phase 
flow. In the HEM the two phases are everywhere in equilibrium with equal velocities 
and temperatures. 
The HEM is effective in predicting the critical mass flux, in long pipes where there is 
sufficient time for equilibrium to be achieved. Errors can be large (a factor of 5 or so on 
flow rate) for short pipes(JOO), in which there is insufficient time for the vapour 
formation to proceed to equilibrium. A feature of the HEM is the discontinuity in fluid 
properties that occurs at the saturation line. As the HEM is based on the ideal case of 
complete interphase equilibrium, it is possible to derive a set of other models by 
making other limiting assumptions. 
The complexity of two-phase flows is wide-ranging as can be judged by the vast 
number of models currently available to describe the flow, each depending on the 
various assumptions made during the respective derivation. Kim(l03) presented a 
comparison of critical flow models for propellant based, two-phase flow, in which 3 
basic classes were defined. Within these basic classes there are a number of further 
models. 
I. Homogeneous equilibrium models (HEM) 
o Isenthalpic 
o Isentropic 
o Sajben 
2. Homogeneous frozen models (HFM) 
o Wallis 
o Smith 
3. Non -homogeneous equilibrium models (NEM) 
o Moody 
o Fauske 
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Frozen flow 
During the flow through short pipes or nozzles it is assumed that there is insufficient 
time for any phase change to take place. Thus the quality or void fraction is kept 
constant throughout the expansion. 
When the fluid upstream of the nozzle is subcooled liquid, this model implies that no 
vapour is formed during passage through the pipe or nozzle. 
Sip flow models 
Limiting assumptions can also be made about the relationship between the velocities of 
the phases. If the void fraction is assumed to be known, based on a an equilibrium or 
frozen flow model assumption, one can treat the velocity ratio as a variable and 
determine for what value of this parameter the overall mass flow will be a maximum. 
There are a number of other limiting assumptions that can be based on other models 
that will predict higher critical flow rates than would be obtained with the simpler HEM 
assumptions. 
Tangren(104) studied the compressible effects in the two phase flow of gas water flow 
through a de Laval nozzle. Apply the basic laws of continuity, momentum, energy and 
ideal gas equations of state to a mixer, thus deriving an equation of state for the mixture 
and an equation of motion for the mixture. The equations were then evaluated for the 
special cases of, all gas state, all liquid state and intermediate states. The key 
assumptions were: 
1. The liquid is an incompressible fluid and the effects of the surface tension, 
vapour pressure and viscosity are insignificant. 
2. The gas is ideal with negligible viscosity, specific heat and is insoluble in the 
liquid. 
3. The mixture is homogeneous. 
4. The flow is adiabatic and the temperature of the gas and liquid are identical. 
5. The flow is laminar, one-dimensional and any expansion or compression of the 
gas takes place such that inertial transients can be ignored. 
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6. The slow varying pressure change is transmitted through the mixture at definite 
critical/sonic velocity. 
Good agreement between the predicted and experimental data was obtained (3-13%). 
In a comparison of critical flow models(J 03) the following general form of the critical 
flow equation (Hsu and Graham), was used as the basis for categorising models: 
(2.2) 
In two-phase one component flow, there are three interfacial transports to consider. 
By / BP, the interfacial momentum transfer determines how fast each component 
accelerates. avg / BP, the change in specific volume is determined by interfacial heat 
transfer and Bx / BP, the change in evaporation is estimated from interfacial mass 
transfer. 
As stated previously the homogeneous equilibrium model is an extension of the single 
flow analysis in that the mixture is homogeneous in phase composition (any sample 
taken from the bulk would yield the same ratio of vapour to liquid), there is 
thermodynamic equilibrium between the vapour and liquid components and there is no 
relative motion (slip) between the vapour and liquid. 
Isenthalpic HEM 
The assumption ofisenthalpic flow is used to solve for Bx/ BP using the 
thermodynamic relation. h = hI + xhfg • 
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G2 = -1 
er dVf _(Vfg)dhf +q[dVfg _(Vfg)dhfg ] 
dP hfg dP dP hfg dP 
(2.3) 
Isentropic HEM 
In the isentropic assumption the 8q 18P term is derived from the thermodynamic 
relation S = sf +xsfg . 
G2 = -1 
er dVf _(Vfg)dSf +q[dVfg _(Vfg)dSfg ] 
dP Sfg dP dP Sfg dP 
(2.4) 
The Sajben HEM(105) 
The assumption of this model is based on adiabatic flow with friction. This is also 
referred to as the Fanno line assumption or Fanno flow (named after the engineer, 
Ginno Fanno). The model is applicable to flow processes, which are very fast compared 
to the heat transfer mechanism, as defined by a small Eckert number. The Eckert 
number is a dimension less number used in flow calculations. It defines the ratio 
between kinetic energy and enthalpy and is defined as, 
u' Eck=--
Cp l1T 
The Sajben HEM is then defined as; 
(2.5) 
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112 
Gcr = (2.6) 
Homogeneous frozen models 
A second class of models, the homogeneous frozen models (HFMs), were developed 
for application where the flow is homogeneous but a restriction is imposed by a 
limitation on the interfacial mass transfer, due to insufficient time for vapour generation 
( Bx / Bp': 0). The other assumption is that there is no slip between phases (y = 0). 
The WaIIis HFM 
(2.7) 
The Smith HFM was developed using a previously proposed pressure volume 
relationship for an isentropic process(J 04). 
qCp• +(l-q)Cp/ P 
[ ( )]
112 
G" = qC,. +(l-q)Cp/ qv. 
(2.8) 
The non-homogeneous equilibrium models 
The non-homogeneous equilibrium models (NEMs) are more complex than the HEMs 
or HFMs as they consider all three interfacial transportations without limitations. The 
interfacial slip velocity (r * I), for which an expression must be derived in order to 
solve the equation. 
44 
Chapter 2 Literature 
The Fauske NEM 
The Fauske NEM defined the critical flow to occur at the point of maximum pressure 
gradient for a given flow rate and quality, thus x and G are fixed and P is then only a 
function ofy. The term ox/oP was based on the isenthalpic assumption. 
-gcY G,,= ----------d~v--------~~-------------------
[(l-q+yq)xl---g +(v.<I+2yq-2q)+ 
dP 
dq dv, 
v,(2qy -2y -2qy' +y'))--+ y(l +q(y -2)-q'(y -1))-
dP dP 
The Moody NEM 
112 
(2.9) 
The analysis by Moody was based on two-phase annular flow, with uniform velocity 
and eqUilibrium flow between the phases. The mass flux G was expressed as a function 
ofP and y. 
(2.1 0) 
Where 
(2.11 ) 
b=--I +q(I ___ 1 ) 
y' y' 
(2.12) 
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d=[_I_aSg __ I_asf _ Sfgy2]+X[ I a(Sfgy2) 
y2Sfg ap Sfg ap y4Sfg y4Sfg ap (2.13) 
[ a (rvf) (rvf)as
g (Vg )asf ] [ a (Vg) a (rvf)] 
e = S fg ap S fg + S fg ap - S fg ap + q S fg ap S fg - S fg ap S fg 
(2.14) 
There is an additional two phase flow model that can be added to the list of critical flow 
models defined by Kim(l03). A non-equilibrium relaxation model for one-dimensional 
two-phase flow has been defined(J 06). In this model the relaxation time accounts for 
the non-equilibrium evaporation leading to metastable liquid conditions. 
2.4 Atomisation and Spray formation 
The atomisation of liquids is a complex process and has been the subject of much 
research since the first mathematical analysis of drop formations were carried out in the 
late 19th century by Lord Rayleigh(SJ). In his analysis Rayleigh studied the distortion 
of a cylinder, considering only the inertia and surface tension forces. He assumed a 
disturbance of the sine form and confined himself to linear analysis and defined a 
relationship between the cylinder and the resultant spherical drop diameter(l07). 
The complex process of atomisation can be split into three very broad categories based 
on the primary mechanism driving the droplet generation process and they are: 
~ Mechanical 
~ Effervescent 
~ Flash. 
The mechanical mechanism of atomisation is the least efficient of the three mechanisms 
producing droplets that are generally an order of magnitude greater than those produced 
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by the other two mechanisms when utilising the same fluid properties and drive 
pressure. The mechanical atomisation process is dependant of material properties, the 
geometry of the flow and the driving force. The atomisation proceeds through many 
distinct phases from the basic droplet formation, through first-wind, second-wind and 
full atomisation. 
The Weber number (We) determines the transition to mechanical break-up, with values 
in the range 10 to 20 defining the critical range. 
(2.15) 
The diameter of the liquid is a key parameter in mechanical break-up as the jet relative 
velocity to the surrounding air only happens at the periphery of the liquid jet and the 
core of the jet is protected from the shear interaction. If the jet slows rapidly before the 
core region has broken up the velocity will be insufficient and large drops will ensure. 
To overcome this limitation the exit velocity and hence drive pressure must be 
relatively high compared to other atomisation mechanisms. 
The complexity of atomisation has lead to many models each of which are generally 
correlations based on dimension less or non-dimension less groups depending on the 
degree of mathematical rigor applied in the analysis. 
The effervescent atomisation technique is a relatively new technique that was 
developed as a natural progression from the relatively simple mechanical atomisation. 
In the search for improved atomisation from the simple plain orifice system workers 
developed various techniques to improve the efficiency by introducing a second fluid, 
usually a gas, to aid the basic mechanical atomisation process. These two fluid 
atomisers are now found in many commercial applications covering a range of 
industries. There are a number of distinct techniques including, air blast, pre-filming 
and the natural progression was to introduce the fluid more uniformly by effectively 
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'foaming' the liquid fluid with the gaseous fluid. The effervescent techniques are more 
efficient atomisation methods (lower drive pressure for equivalent droplet size) than the 
basic two fluid techniques. 
The flash atomisation technique applies to situations where the fluid is held generally 
under sub-cooled or saturated conditions. When the pressure of the fluid is suddenly 
decreased the liquid becomes superheated and the fluid cavitates with the formation of 
a gaseous bubbles. There are two types of flashing mechanisms, one where the gas or 
vapour is chemically the same as the liquid as in the case of propellant l34a used in 
during this research work and systems where a gaseous material such as carbon dioxide 
is dissolved under pressure into a liquid as can be found in many fizzy drinks processes. 
The first of these produces a one component two-phase flow whereas the latter 
produces a two component two-phase flow. 
Flash atomisation is a thermodynamically driven process and as such there are a 
number of key material properties that have been used as the basis for predictive the 
drop size from the flash atomisation mechanism. Early studies of flash atomisation 
determined that the degree of superheat was critical in determining drop size and break 
up distance from the orifice. The degree of superheat is given by the temperature 
difference between the liquid reservoir temperature (stagnation temperature) and the 
fluid temperature at the equilibrium pressure in delivery region, downstream of the 
orifice. Under conditions oflow superheat the effect of nucleation and bubble growth 
are limited and the atomisation process proceeds by the mechanical break up 
mechanism. For flashing based sprays a critical degree of superheat can be defined 
above which flashing is the dominant mechanism and below which mechanical break 
up dominates. In the region of critical superheat both mechanism play a significant role. 
In flashing flows the point at which rapid nucleation and bubble growth occur can vary 
significantly with both fluid and degree superheat to the point where the onset of 
flashing occurs downstream of the exit orifice. The change in atomisation efficiency 
above the critical superheat can be very dramatic. 
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As the degree of superheat increases the mechanical break up component decreases and 
bubbles can be observed in the liquid jet downstream of the orifice. The distance to 
where the bubbles form is defined as the idle time or nucleation period. Once formed 
the bubbles grow rapidly and result in the fluid filament shattering. 
A two-phase flow can be generated under conditions of high superheat as nucleation 
and bubble growth can ensue upstream of the orifice exit plane or the orifice itself. If 
the geometry ofthe flow is such that an expansion to the flow path is encountered rapid 
nucleation and bubble growth can ensue and a well developed two-phase flow can 
develop upstream of the orifice section. 
Another key variable is the Jakob number (Ja), which is also a parameter in many 
bubble growth calculation schemes. 
(2.16) 
The effervescent and flash mechanism share many features in common and produce 
similar atomisation efficiencies. In effervescent atomisation a key variable is the air to 
liquid ration (ALR) that has many similarities with the void fraction in flash 
atomisation. 
There have been a number of pMDI spray visualisation studies conducted to study 
aspects such as duration of the spray, shape, size, structure and velocity. In a study of 
the spray structure(108) four commercially available formulations were evaluated using 
high speed (200 frames/s). The actuators were shaken and actuated 3 times, 30 seconds 
apart, into still air and the spray images recorded. All four types gave similar plume 
shapes with the duration of the spray ranging between 65 and 95 ms. The average spray 
velocity was calculated as 13-17 m S·1 in the early stages but decreased over the next 
few frames to 3-7 m S·I. The plume was identified as having two distinct phases; the 
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first ajet phase followed by a cloud phase after 10-15 ms. The plume was short lived 
and extended to a distance of 150 mm. 
In a study of the flash boiling of heated water(109) ejected into heated air at ambient 
pressure (a relatively low level of gas co-flow was used). The air temperature ranged 
form 300 to 426°K, with an orifice diameter of0.34mm and jet length 1.37 mm. The 
break regime just down stream of the orifice was studied using two types of 
illumination. The first used short duration back illumination of the emerging spray and 
the second used scattered light. 
The drop size was measured using a laser light scattering technique at distances of 20, 
40 and 60 mm from the spray exit. Droplet size was seen to decrease with distance from 
the orifice. The scattered light illumination technique showed spray patterns similar to 
those seen by other works using this technique. The short duration back illumination 
(20 ns) gave a very different set of images showing clearly that there was a more solid 
core at the centre of the plume which could not be interpreted from the light scattering 
images, which obscured this effect. Liquid mass flow was seen to decrease with 
increasing temperature and a dramatic mass flow transition occurred between 426 and 
432K. 
2.5 Flow through an orifice, short tubes and twin orifice systems 
The flow through an orifice or short tube can be determined from the assumption of an 
incompressible, steady state, non-viscous flow with negligible friction losses. Under 
these conditions the Bernoulli equation can be reduced to conservation equation 
relating two points in the fluid flow. 
(2.17) 
Given that Q = A U and f3 = D do ID op this can be rearranged to give 
50 
Chapter 2 Literature 
(2.18) 
When a gas passes through an orifice or short tube an expansion factor Y accounts for 
the adiabatic expansion of the gas 
Y= 
k I r(k-1)lk 1-f3' 
r 21 k "--,---__ .,..-"-=:+-:;;-;:-
k-I I-r 1- f3'r 2lk 
(2.19) 
The flow of an incompressible, laminar, viscose fluid flowing through a cylindrical 
pipe was determined independently in the 19th century by G. Hagen and J-L Poiseuille 
and is referred to as the Hagen-Poiseuille equation. 
Q = n(D/2)' LV' 
81)L (2.20) 
The orifice in the valve stem of the metering unit and the orifice in the actuator, control 
the flow of propellant in a pMDI device. The study of fluid flow through two orifices in 
series(JJ 0) has reported the relationship that exists for both liquid and saturated liquid 
flows in the two orifice configuration found in the pMDI. 
The flow through the final orifice of a pMDI device is more complex than may at first 
appear due to the complex two phase processes occurring in flashing flows. 
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In gas flow through an orifice there is a point where the gas velocity reaches sonic 
conditions. In air this occurs when the absolute pressure ratio is 0.528, where Pd, is the 
downstream pressure and p'p is the upstream pressure. 
P 
r" = -.!!!.. = 0.528 
p'p 
The critical pressure (r" ) for a gas is defined as 
r = (_2 )(.~I) 
" k + I 
The sonic velocity in an isentropic gas is defined as 
(
P' k)O.5 
v=-, 
p 
Pipe wall 
... 
I 
D tube 
I 
T 
±[t;7 
D orifice vena contracta Flow--Jo. 
T~ 
(2.21) 
(2.22) 
(2.23) 
Figure 2-1 Flow through an orifice, flow is constricted at vena contracta and re-
circulation of the fluid occurs in the stagnant areas behind the restriction (coloured 
grey) 
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Once the sonic velocity for the fluid is reached the flow becomes choked. The 
parameter that becomes choked or limited is the velocity. If the upstream pressure is 
further increased there is no increase in the velocity through the orifice, however, an 
increase in mass flow rate will be observed, as the density of the fluid will increase with 
increasing pressure. 
When the flow through an orifice is a one component, two-phase flow, the pressure, 
mass flow rate relationship is more complex. The complex nature of two-phase was 
discussed earlier. 
The study of flow of refrigerant materials is important for many industries, as a 
consequence there are many studies reported in the literature(92, 93, 103, 111-124}. 
The flow studies include visualisation of the flow, the influence of tube diameters, 
surface tension, flashing, met stability and heat transfer rates. The Study of two-phase 
flows in circular tubes covers a period of more then 40 years. The two-phase flow 
patterns observed in horizontal tubes are complicated asymmetry of the phase resulting 
from the influence of gravity and liquid shear. The generally accepted flow patterns are 
bubble, slug, stratified, wavy and annular(J24}. Various authors have produced two 
dimensional phase flow maps with gas and liquid velocities as the responses with 
contour lines showing the boundaries between the varies flow patterns listed above. 
It is generally the case that certain material properties are not required when calculating 
the pressure drop for flow in pipes or tubes found in most practical applications. In the 
calculation of frictional flow in pipes the only physical parameter required for the fluid 
is the viscosity. In the calculation of entry losses in the flow through pipes the only 
physical parameter required is the fluid density. 
The primary object of the drug delivery system designer is to achieve maximum lung 
penetration and this has created in recent years, due to the increased power of 
computers and more sophisticated software tools, a growth in the area of computer 
based modelling the of both the flow and deposition of particles and droplets as they 
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pass through the mouth, throat and upper respiratory tract and in some cases to back up 
the work with experimental data.(17, 20-25, 27, 29, 30, 34-36, 38, 125-140) 
In the study of the pMDI the sonic velocity in a two-phase flow has been considered 
when calculating the exit velocity of the spray from the actuator orifice(5, 141). Both 
authors derive the same basic equation set, using different derivation routes. In another 
pMDI study the critical pressure ratio was used to calculate the velocity of the gas and 
liquid components(4). 
Due to the wide range of industrial applications, two-phase flows have been the subject 
of a much research. Fletcher based his pMDI sonic flow studies on the two-phase work 
ofTangren(J04). Clark extended this work and used the two-phase work of Wall is in 
his derivation of equations to describe the mass flow under choked conditions in the 
pMDI. 
The most important feature of flashing liquid flows appears to be the non-equilibrium 
vapour generation process as the pressure drops. It manifests itself by the liquid's 
failure to begin evaporation when saturation conditions are reached, leading to 
metastable conditions. As a result, the classical homogeneous equilibrium model, 
assuming equilibrium vapour generation, fails to reproduce not only qualitatively but 
also quantitatively measured distributions of the flow parameters(106). 
Other studies of flashing and two phase flows, include the critical flashing flow through 
a reliefline(142, 143), two-phase turbulent jet flow(144), non-equilibrium relaxation 
model for one dimensional flashing liquid flow (1 06), discharge characteristics of gas 
liquid flow(145), atomisation ofliquids through a plain orifice(146), steady state 
multiple choked compressible flow for single, two phase flows(147), Prediction of 
single and two phase flow contraction through a short orifice(J 48), bubbly flow 
through an orifice or abrupt pipe constriction(149) and the Equal Velocity Unequal 
Temperature (EVUT) model(J50). 
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The flashing flow of a propellant behind a sudden constriction(90) was used by Dunbar 
to explain the apparent pulsing of the spray produced by the flashing flow through the 
nozzle of a pMDI device. 
2.6 Particle deposition 
Particle inertial deposition in a tube with an abrupt contraction was studied 
experimentally and numerically at low pressure(l51). Measurements were performed 
for particle deposition onto an orifice plate in a tube under low pressure and Reynolds 
number. The observed deposition-efficiency curve as a function ofthe Stokes number 
were different from those obtained under atmospheric conditions. 
Cascade impactors are widely used in the characterisation studies of aerosol particles 
size. Although cascade impactors play a key role in this assessment there are practical 
limitations to the value of data generated under ideallaminar flow conditions to those 
found in practice where the flow field is often turbulent. It is therefore critical that 
turbulent deposition of aerosol particles(40, 43, 49, 55, 56, 61, 62, 66, 71-74, 76, 78) is 
fully understood in order that the data from cascade impactors can be interpreted 
appropriately. 
In a study of laminar dilute suspension flows of micron-particles were simulated in 
realistic double bifurcations with curved inlet tubes, using a commercial finite-volume 
code with user-enhanced code(33). The resulting airflow patterns as well as particle 
transport and wall depositions were analysed for different flow inlet conditions 
(uniform and parabolic velocity profiles), and geometric configurations. The curved 
inlet segments had a quite pronounced influence on airflow, particle motion and wall 
deposition in the downstream bifurcating airways. In contrast to straight double 
bifurcations, those with bent parent tubes also exhibit irregular variations in particle 
deposition. Under some flow conditions in sharply curved lung airways, relatively high, 
localized particle depositions may take place. 
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In a study ofthe deposition of aerosol particles in a straight tube with a diameter of 0.5 
cm sudden constriction(152) with hydraulic diameters between 0.22 and 0.25 cm with 
Reynolds numbers between 140 and 2800, it was concluded that deposition occurred 
after the constriction at a distance of 10 tube diameters. The deposition in this region 
increased with increasing flow rate, deposition also increased with particle size. 
Particle deposition in a tube with an abrupt contraction has been studied numerically 
and the results compared with available experimental data(l53). A two-dimensional 
fully developed flow field was obtained by solving the Navier-Stokes equations 
numerically using a computer program. Particles were deposited on the contraction due 
to inertial impaction and interception. The deposition efficiency was calculated by 
tracing particle trajectories in the flow field. Through parametric studies, a general 
correlation curve, giving the deposition efficiency as a function of modified Stokes 
number was obtained to characterize particle deposition in the abrupt contraction. The 
theoretical models were found to agree well with available experimental data and were 
successfully applied in predicting particle deposition. 
In a study of deposition in a constricted tube designed to mimic part of the upper 
airway narrowing (stenoses) it was concluded that deposition could be described for all 
conditions using Reynolds number, Stokes number and Mach number(l54). 
Particle dispersion and deposition in a horizontal turbulent tube flow have been studied 
using a Turbulent Diffusion Model. Dispersion and deposition are modelled as the 
combined process of turbulent diffusion and gravitational settling. The particle 
diffusion is expressed in terms of the fluid diffusivity, taking into account the inertial 
effect. A one-dimensional solution to predict the two-dimensional deposition flux in a 
tube, and it is investigated how this depends on the particle diameter and the Froude 
number(66) 
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2.7 Delivery from inhalation devices 
In one of the earliest studies on the effects offonnulation variables and actuator design 
on the particle size performance of the pMDI(155), the spray output from the device 
was characterised using a multistage cascade impactor. The variables studied included, 
vapour pressure (by varying propellant ratios and temperature), the concentration of 
drug in the fonnulation, particle size of the micronised drug, exit orifice diameter and 
surfactant concentration. The study used propellants 12 and 114 and the drug substance 
was dexamethasone sodium phosphate. 
The work ofPolli et al (150) appeared to give an excellent baseline for the system 
effects produced by the major system variables encountered in the design of the pMDI 
system. 
The following conclusions were made: 
Drug concentration at three levels produced a range of mass median diameters from 3.2 
to 18 J..lm. The increase in particle size was attributed to the following: 
~ Decreased efficiency of the spray orifice to break-up agglomerate. 
~ Decreased efficiency of the expansion chamber. 
~ Decreased ratio of propellant concentration to steroid concentration. 
The level of surfactant was studied at two levels, 0% and 0.2% w/w with 1.43 mg/g of 
drug with the following results: 
~ 0% w/w surfactant with 1.43 mg/g drug gave a mass median diameter of 4.6 J..lm 
~ 0.2% w/w surfactant with 1.43 mg/g drug gave a mass median diameter of3.2 
J..lm 
Conclusion: Increasing the surfactant level decreased the particle size of the residual 
drug emitted from the device. 
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The spray orifice was studied at 3 levels, 0,46, 0.61 and 0.76 mm diameter using the 
1,43 mglg drug formulation with 0.2% w/w surfactant. The following results were 
obtained. 
~ 0,46 mm (0.018 in.) diameter orifice gave a mass median diameter of3.2 flm. 
~ 0.61 mm (0.024 in.) diameter orifice gave a mass median diameter of 11.0 flm. 
~ 0.76 mm (0.03 in.) diameter orifice gave a mass median diameter of 11.0 flm. 
Conclusion: Increasing the orifice diameter increased the particle size. 
The temperature of the Propellant was studied at 3 levels, 24, 37 and 49°C using the 
standard formulation containing 1.43 mglg drug with 0.2% w/w surfactant. The 
following results were obtained. 
~ Propellant temperature 24 'C gave a mass median diameter of 3.2 flm. 
~ Propellant temperature 37°C gave a mass median diameter of 2.1 flm. 
~ Propellant temperature 49'C gave a mass median diameter of 1.8 flm. 
Conclusion: An inverse relationship was observed between propellant temperature and 
aerosol particle size. 
The propellant vapour pressure was studied at 3 levels using propellant 12; propellant 
114 and a 20:80 mix of 12:114. The following results were obtained. 
~ Propellant 12 gave a mass median diameter of 1.3 Ilm. 
~ Propellant mix 80:20 gave a mass median diameter of 3.2 Ilm. 
~ Propellant 114 gave a mass median diameter of 11 Ilm. 
Conclusion: An inverse relationship was observed between propellant pressure and 
aerosol particle size. 
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The effects of drug particle size were studied at 3 levels, 104,4.3 and 5.6 /lm using the 
standard formulation containing lA3-mg/g drug with 0.2% w/w surfactant. The 
following results were obtained. 
» Drug particle size 5.6 /lm gave a mass median diameter of 9.0 /lm. 
» Drug particle size 4.3 /lm gave a mass median diameter of 6.0 /lm. 
» Drug particle size lA /lm gave a mass median diameter of 3.2 /lm. 
Conclusion: A direct relationship was observed between the raw drug particle size and 
the mass median diameter of the aerosol produced. 
The effect of actuator design (one solution actuator and three mechanical break up 
actuators) on plume particle size using both light scatter particle size analysis and 
impactor analysis (Copley twin impinger and Delron DCI-6 six stage impactor) has 
been reported(l56). The light scatter data was generated at various time delays into the 
spray delivery process. The data for mass median diameter obtained by light scattering 
showed an increase in particle size (4-9 /lm) with increasing actuator diameter (0.2, 
0.25, 0.3, 0.4 mm) for both active and placebo formulations. 
The timed data exhibits a tendency for the particle size to decrease with time but also a 
short increase at the start of the time delay « 25 ms). The twin impinger data showed 
an increase in stage one deposition with increasing exit orifice diameter and the 
converse for stage two. There was no trend in the actuator deposition, however, the 
Riker actuator (0.25 mm exit orifice diameter) held up significantly more drug than the 
other three actuators (Valois design). 
Data obtained from the multistage impactor showed the same ranking order as the twin 
stage impinger data; however, the multistage impactor data analysis will be discussed 
later. In a later report(J57) the author outlined the limitation of the laser diffraction 
technique and emphasised the importance of understanding the instruments principle of 
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measurement. It was also concluded that the particle size data from laser diffraction did 
not predict deposition efficiency of inhaled particles in the respiratory tract because of 
the large number of other variables at work in such a complex process. Ranucci(l57) 
also indicated the importance of presenting particle size distribution data correctly 
when extracting single values to represent the particle size. The distribution 
relationship, lognormal, log-probability and Rosin Rammler should be correlated 
correctly to avoid interpretational errors. 
Actuator deposition has been shown to be independent of the number of actuations, but 
does vary significantly (7-22%) from device to device(l58). 
The length of the actuator orifice has been shown to interact with the diameter when 
studying the fine particle dose (undefined) obtained from a pMDI(159}. The length of 
the orifice was also shown to be more effective in increasing the normalised fine 
particle dose. 
The actuator mouthpiece diameter has been shown to influence the deposition of larger 
particle in an oral pharyngeal-laryngeal airway cast(l60). The study used a human oral 
cavity cast with a cadaver pharyngeal cast and air flows of30, 60, 90 and 120 IImin 
were used to represent differing inspiratory flow rates. Three mono-dispersed particle 
sizes were used (2, 4 and 8 Iffil) and three actuator mouthpiece diameters (15, 20 and 27 
mm). 
The results showed that only a small percentage of the 2 I-Im particles deposited in the 
cast. There was significant deposition as the particle size increased with 90% deposition 
at 8 I-Im and high inspiratory flow rates. The authors concluded that a larger mouthpiece 
diameter gave lower deposition in the cast. 
One aspect of the change from CFC to HF A based propellants is the significant water 
uptake of the HF A propellants. Increasing the water content of a 134a formulation 
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resulted in a higher MMAD(161). The study also indicated that increasing the valve 
delivery (metered volume) gave a less variable dose delivery. 
The lack of solubility oftraditional surfactants in HFA propellants means that a co-
solvent is often used. The level of co-solvent may vary from a few percentage points to 
greater than 20%. Solutions form an ideal mixture if Raoult's law is obeyed. When two 
materials are mixed together the resultant vapour pressure can be determined from the 
mole fraction of each material and their respective vapour pressure. There are two 
departures from the linear relationship; positive departure if the resultant vapour 
pressure is higher than predicted and negative departure is the resultant vapour pressure 
is lower than predicted. The influence of additives on the vapour pressure of 134a and 
227 has been studied(161) and mixtures of 134a and 227 with ethanol(l62). 
Hallworth(163) has demonstrated the effect of formulation variables on the visual 
nature of the pMDI spray. The work clearly showed the basic nature of the pMDI spray 
to be that of a turbulent jet, the sputtering of the spray and the resultant large droplets 
produced by low vapour pressure propellant systems. The work also demonstrated how 
the image of the spray is altered by the addition of low volatility components such as 
ethanol and surfactant. 
There have been several studies where the use of a video system has been used to 
evaluate the spray emitted from a pMDI(4, 5, 108, 163, 164). The video systems were 
either film based or a digital camera and the illumination methods for the spray vary 
from simple flash illumination to laser sheet. Some of the earlier work concluded that 
the duration of the spray was significantly less than 100 ms, but this could be due to the 
limitation of the illumination/camera system used or the specific set up of the lighting 
orientation and the angle of view with respect to the camera and the spray axis. 
A study conducted to evaluate the ability to modulate the spray characteristics produced 
by a pMDI using formulation and actuator variables has been conducted(165, 166). The 
study showed the difference in atomisation potential between the two current HF A 
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propellants (134a and 227) with the higher vapour pressure propellant producing a 
smaller MMAD. The study also presented a relationship between the non-volatile 
content and the MMAD when referenced to a baseline non-volatile content and 
MMAD. The fine particle dose (plates 3 to filter, < 4.7 !lm) decreased as the diameter 
of the exit orifice increased (0.25 to 0.42 mm), the corresponding MMAD also 
decreased but less significantly as did the associated GSD. The inclusion of non-
volatile components such as glycerol or polyethylene glycol in HFA solution 
formulations for pressurised metered dose inhalers (pMDIs), greatly increases the 
particle size ofthe aerosol. 
The characteristics of the plume can be further modulated by using non-volatile 
component together with the choice of propellant and the dimensions of the actuator, to 
give a chosen fine particle dose and particle diameter. This principle has been used to 
design solutions, which closely match the performance of chlorofluorocarbon based 
suspension formulations containing several different APls as assessed for 
pharmaceutical equivalence using the Andersen Cascade impactor. 
The change to HFA propellants has resulted in the need to develop alternative 
surfactant systems because the HFA propellants are more polar. Traditional surfactants 
can be used provided a suitable co-solvent can be found (162). The use of either 
approach is complicated by the existence of many competing patents and the fact that 
the science in the area is empirical and the use of predictive theoretical approaches are 
frustrated by the lack of an adequate database. Developments in this area must also take 
into account the need to avoid crystal growth and/or adhesion of micronised, suspended 
drug to internal surfaces(162}. 
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2.8 A Review of research specific to the pressurised metered dose inhaler 
2.8.1 Fletcher(5) 
The main focus of the work centred on the mathematical derivation and experimental 
verification of the various thermodynamic and fluid mechanics aspects of the flow 
through a twin orifice system. 
Fletcher in his initial investigations used metered dose inhalers containing a typical 
CFC propellant mixture (50:25:25, propellants 12, II and 114 respectively) containing 
1% w/w sorbitan trioleate ("span 85"). Initial investigations included visualisation of 
the spray process using a high speed (8000 fps) rotating prism camera and a 7 kW 
xenon arc lamp. 
Three regions were studied; 
~ Expansion chamber and exit nozzle 
~ The region immediately downstream of the nozzle 
~ The whole spray 
Atomisation was defined as occurring in two stages; 
~ Initial break·up in the expansion chamber 
~ Further break-up during passage through the nozzle. 
From the image data the spray front velocity was calculated to be in the region of 
30 m S·I and constant over the first few centimetres of travel. Following the turbulent 
entrainment of air the spray velocity decayed to < 10 m S·I at 100 mm. Large 100 J.lm 
drops were observed at the periphery of the spray and from the volume of the spray it 
was estimated that the spray was 90% entrained air and 10% propellant vapour. 
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Fletcher then measured the temperature and pressure profiles as a function oftime 
within the expansion chamber. The experimental work included the measurement of 
pressure (from dial gauges under continuous discharge conditions) and temperature on 
what was in practice a scaled up version (apart from orifice dimensions) ofa typical 
generic actuator geometry in metal and plastic. The nature of the pressure measurement 
technique negated the measurement of transient conditions. 
In order to simultaneously measure the velocity and particle size Fletcher evaluated 
several imaging techniques (Very high speed imaging, double image flash photography 
and holography) however due to various problems no significant progress was made. 
One of the most important properties of a spray from a pharmaceutical point of view is 
the size distribution of the residual aerosol. In addition to being a measure of the 
efficiency of atomisation of the spray generator, it is this parameter that determines to a 
great extent, the part of the lungs on which the particles will be deposited. Particles, 
which are too fine, will, like smoke, be exhaled and those too large will impact on the 
upper regions of the respiratory tract. 
Fletcher fired a number of shots into a sedimentation cylinder and allowing the 
resultant particles to sediment for 15 hours onto a series of glass slides then carried out 
an assessment of residual particle size and the particle size data was determined by 
measuring the particles on the glass slides, before correcting for the effect of droplet 
collapse (due to drying and surface tension) in order to obtain the actual droplet size. 
The data was plotted on lognormal paper and the plots found to have slight curvature. 
Fletcher then proceeded to plot the data on Rosin Rammler paper and found the plots to 
approximate to a straight line. The mass median particle sizes were found to be 4.9 !-lm 
for a 0.25 mm orifice and 7.8 !-lm for a 0.58 mm orifice. However the data was 
confounded by the fact that the metered valves used were 25 and 50 !-ll respectively. 
The valve delivery volume of the metered dose pMDI has been shown to influence the 
drug deposition of the spray(167). 
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Fletcher then considered the theoretical aspects of axial velocity distribution within the 
spray and the flow of saturated liquid through a two-orifice nozzle. 
The theoretical derivation of an expression to predict the axial and off axis velocity of 
the spray was carried out. From the derivation predictions of the axial velocity of the 
gaseous component of a continuous spray generated by a liquefied gas propellant 
passing through a two orifice system could be made. The expression was an 
approximate semi-empirical prediction. The model requires 3 factors: 
I. The apparent origin of the spray 
2. The angle of divergence 
3. The degree of metastability 
Fletcher concluded that the divergence angle of the spray was approximately equal to 
that of an air jet. 
The model is difficult to use as numerical solutions for each of the factors are not easily 
determined and both 1 and 2 are depended on the method used to determine their value. 
Following recent advances in technology it is now possible to determine the velocities 
using techniques such as Particle Image Velocimetry (PIV) and Phase Doppler Particle 
Anemometry (PDPA or PDA). 
The third parameter in the axial velocity prediction was for the degree of metastability. 
In order to calculate this parameter several thermodynamics equations need to be 
solved and Fletcher devotes much of his theory chapter to this end. He derived 
expressions for the mass flow rate of propellant through the upstream and downstream 
orifice, the mass flow rate through a twin orifice system and the temperature and 
thereby the quality of the propellant in the expansion chamber. The work was based on 
the assumption of mass limiting flow and expressions for the sonic based flow were 
also developed. 
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The experimental data was generated from continuous discharge experiments only. 
Fletcher also proposed an empirical model for the mass median diameter (MMD) of the 
resultant spray based exclusively on the exit orifice diameter D. Fletcher defined an 
equation that predicted the mass median diameter (residual solute) for a solution-based 
formulation: 
MMD = 1.6 *10-2 D (2.24) 
In light of the work carried out by Clark, this model would appear to have limitations, 
as the only variable is the exit orifice diameter. It may prove a suitable model for a 
given formulation but the constant would need redefining. The fact that Fletcher settled 
on such a simplistic model is surprising given his thermodynamic consideration of the 
flow problem through the twin orifice system. 
Data was obtained on particle size and velocity using spark photography an early 
version of the modem PIV technique. There was also some attempt to use holographic 
techniques but due to the then state of the art (early 70's) the results obtained were 
deemed to be unsatisfactory. 
2.8.2 Clark(141) 
Clark extended the mathematical derivation and modelling work of Fletcher. The work 
consisted of three main experimental areas: 
1. Empirical experiments to determine critical factors in atomisation ofpMDI's 
2. Continuous discharge 
3. Metered discharge 
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The empirical spray studies, using the factor dispersion as the response (respirable 
percentage of the emitted dose, assessed by the metal inertial impaction device, type B, 
British Pharmacopoeia, 1988) was the main criterion for evaluation. 
The factors studied included: 
1. Drug particle size 
2. Surfactant concentration 
3. Propellant vapour pressure 
4. Solids content 
5. Component geometry 
Clark then proceeded to derive mass flow rate equations for both critical and sub 
critical flow regimes. 
2.S.2.1 Sub critical flow 
The flow model made the assumptions of isentropic behaviour, no heat or mass transfer 
between phases and the vapour phase acting as an ideal gas. The sub critical mass flow 
rate was derived from the one-dimensional Euler equation 
u2 P'dP 
2 = f--=-
P, P 
p 
-. =Constant 
Pg 
(2.25) 
(2.26) 
(2.27) 
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2.8.2.2 Critical flow 
For mass discharge under critical conditions Clark used the sonic velocity in a two-
phase method developed by Wallis. 
[ ( )]-' (I-a a U, = (ap, +(1-a)p, --2 +--2 PIU' P,U, (2.28) 
Clark simplified the equation assuming that the velocity and sound and density of the 
liquid phase would be much higher than the vapour phase. 
U, (2.29) 
Using the speed of sound in an isentropic vapour the sonic velocity equation can be 
rearranged 
U = kP 
, p,a(l-a) (2.30) 
In terms of the mass fraction in the vapour phase or quality, as opposed to void fraction 
this may be written as 
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(2.31) 
The above equations are reproduced from the Clark thesis. It should be noted however 
that the second sonic velocity equation is dimensionally incorrect. This can be corrected 
by squaring the first velocity term. 
The third sonic velocity equation is again dimensionally incorrect and even when 
corrected; by again squaring the velocity term, it results in excessively high values for 
the velocity (exceeding the speed of sound in the vapour) as the void fraction increases. 
There is also a typographical error as the density should be for liquid and not the 
vapour. 
The sonic velocity equation derived for quality rather than void fraction still contains 
void fraction and the density terms are inverted. The equation should read 
(2.32) 
From this data an equation to define the mass flow rate under sonic conditions was 
derived. 
(2.33) 
Where the spray orifice velocity is now the sonic or choked velocity defined above. As 
both the average density and choked velocity have to be evaluated in terms of the 
critical conditions thus 
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(2.34) 
Having assumed the vapour obeys the isentropic gas law and defining a critical pressure 
ratio cr the mass flow rate may be written in terms of the expansion chamber conditions 
[ 
<+1 J112 
• iT 2 kPePgerck 
rn, =Cd -D, 4 q, 
(2.35) 
Having quantified the major factors, Clark then developed a computer-based model to 
predict the actuator conditions (temperature, pressure and exit thrust) during the 
delivery process. To achieve this goal Clark needed to solve several unknown constants 
within the flow and thermodynamic equations thus derived. However, very little 
information is given regarding the computer algorithm used, in addition several 
parameters needed to be solved by successive approximation. 
The computer-based model was then extended to metered discharge, where a further 
series of equations needed to be solved. 
2.8.2.3 Residual Particle Size analysis 
Clark measured the residual particle size of the emitted spray from both continuous and 
metered discharge experiments. This was done using an early version of the 
aerodynamic particle sizer (APS) manufactured by TSI Inc. The technique uses the time 
taken for an accelerated particle to traverse a pair of parallel laser beams (a detailed 
description can be found in the appropriate chapter of this thesis). 
Having obtained the residual particle size of the emitted dose Clark then used an 
equation to extrapolate the size backwards to determine the initial size of the particle at 
the time of exit from the actuator. 
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D = D, ( SGdrog )~ 
I ~ SG dnlg SG propellant W (2.36) 
Where w is the weight fraction of solute in the formulation and Di and Dr are the 
initial and residual droplet diameters respectively and sa is the specific gravity of the 
drug and propellant. Dombrowski and Brown had previously defined a third root 
relationship for the solute concentration, in Fletcher(5) 
Based on a review of the APS based particle size method developed by Clark, the 
following observations can be made. 
I. The APS needed tuning to reduce false counts (cuts out the smaller end of the 
distribution). 
2. Sampling technique not designed for larger droplets, therefore larger droplets 
never reach the APS (potentially cuts off the larger end of particle size 
distribution). 
3. Long delay before sampling (settling rates for large droplets) and geometry of 
sampling volume. 
4. Could not validate correlation between initial and final particle size (could not 
measure initial size, did however, support this with some laser diffraction based 
particle size data). 
5. Uses a dimensionally incorrect, evaporation-based model to extrapolate back to 
initial particle size (although the error is small). 
6. Did not make sufficient use of the metered valve data where the scatter of the 
particle size data increased significantly as did the apparent slope of the 
relationship (significant change in the value of the constant, 8.02) and model 
intercepts at 13 Ilm (infinite pressure and unity vapour mass fraction) 
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One significant omission is the apparent lack of data regarding the particle size 
distribution, a parameter at least as important as the mean in trying to define particle 
sizes and their pharmaceutical deposition potential. 
Clark states that the Geometric Standard Deviation (GSD) of the metered actuation is 
higher than in continuous discharge. This is to be expected given that there is a much 
wider range of conditions (values of pressure and quality) in metered actuation, 
whereas continuous discharge has a more defined and narrow range for both pressure 
and quality, which are both effectively under steady state conditions. 
In the thesis appendix there is a section outlining some exploratory work carried out 
using the, relatively new at the time, technique of Phase Doppler Particle Analysis 
(PDPA). Dunbar (see below) considerably extended this area of work. 
One of the most important outputs from Clark's work was the generation of a 
mathematical model that could be used to predict the initial droplet size generated by a 
pMDI. The inputs to the equation are pressure and the mass fraction in the vapour 
phase (quality of the spray). It should be noted that the derivation of the influence ofthe 
vapour phase was based on the theory of effervescent atomisation(168-171) and is not 
based on flashing flow but on non-flashing pressurised gases to increase the 
atomisation efficiency of liquid systems. 
The particle size model has limitations; the most notable being that it was developed 
from continuous discharge conditions only, where D, is the residual drop diameter, q is 
the mass fraction in the vapour phase and P ec is the expansion chamber pressure and P a 
is the atmospheric pressure. 
D, (2.37) 
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The constant was defined by plotting the initial particle size (extrapolated from residual 
data) against the reciprocal of the denominator from the steady state atomisation 
experiments. When the equivalent data for metered dose atomisation was plotted the 
constant changed significantly and the scatter in the data increased considerably. Clark 
states in the metered data section that the drop size produced by the metering system is 
slightly coarser than in continuous whereas in the discussion section he reverses the 
statement. The data plot shows the metered data to be finer and Clark draws the 
conclusion that the GSD of the metered data was higher. This not surprising given that 
the equation uses both p and q and unless they maintain a dependant ratio during the 
metered delivery that maintains drop size at a fairly constant value then it follows that 
the particle size range must be wider. Given that Clark had the pressure profile in the 
expansion chamber and means to calculate the instantaneous value of q it is somewhat 
surprising he did not explore this further for metered applications. 
When substituting values for q into the equation using values for p from the 
experimental peak pressure data. It can be shown that the numerical value of q covers a 
narrow range, and is close to the value for maximum choked flow predicted by the 
sonic flow equations used by Clark. 
The shape and duration ofthe expansion chamber pressure profiles measured during 
metered atomisation do not match those predicted by the computer predictions. The 
pressure rise is too slow and the duration either too long or too short in many of the 
predicted profiles. Dunbar on the other predicted very fast pressure rise times, in excess 
ofthose found in experimental data. 
The values calculated for the orifice discharge coefficient are typical of those expected 
for a plain circular inlet orifice, and the values are constant across the exit orifice range 
used. There is, however, a significant decrease in the orifice discharge coefficients 
determined for the valve orifice inlet. At small diameters there is agreement with those 
obtained for the spray orifice. Over the rest of the range studied the orifice discharge 
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coefficient decreases (the author has determined by visual observation(l72) that it 
changes linearly with orifice diameter (R2 = 0.98». The orifice discharge coefficients 
were determined from mass flow rate experiments using a range of variables and 
plotting the theoretical flow rate against actual, the slope being the orifice discharge 
coefficient. 
The significant change in the valve orifice discharge is not explained but the following 
observations are made 
~ Typical values for the Reynolds number for the orifice are in the region of2000 
and the discharge coefficient can change in this region (no calculation given). 
~ The flow impacts on the stem wall opposite the valve orifice (same for all 
orifice diameters) 
~ It cannot be taken as evidence of vaporisation in the orifice and violation of 
Pasque's criteria. Since, with constant wall thickness stems used in these 
experiments, LID decreases as D increases and Pasque's criteria show that 
vaporisation is less likely, not more likely, as LID decreases. 
Clark measured the exit thrust of the spray using a force transducer fitted with a 5 cm 
target on to which the spray impacted. The purpose of the thrust measurements was to 
determine the exit velocity from the momentum of the spray plume. The plotted data 
showed the thrust to decrease more rapidly than expected at distances more than 5 cm 
from the orifice. The one plot of peak thrust against distance shows the drop off 
occurring for all spray orifice diameters evaluated. It is noted that the presence of the 
target will result in divergence of the spray at an angle greater than that in an 
unconstrained plume, thereby causing the thrust to decrease more steeply than 
predicted. 
Thrust measurements on a range of commercial products (CFC and HFA) has shown 
the extent to which both the peak thrust and spray duration can be altered by the exit 
orifice and the propellant system used(173). 
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In the sections on continuous and metered discharge Clark uses the parameter variously 
designated as the discharge diameter, discharge diameter ratio, discharge orifice ratio 
and orifice discharge diameter ratio. The argument for this approach is to correct for the 
low valve orifice discharge coefficients (as discussed above). The reasons being that 
firstly in a continuous equilibrium discharge system the expansion chamber conditions 
would be expected to be the same for a given ratio regardless of the absolute diameters. 
Secondly the ratio of the discharge diameters has the property that it tends to zero when 
the valve orifice is large and the spray orifice is present and infinity when the spray 
orifice is large and only the valve orifice is present. 
A summary of the conclusions drawn by Clark during the preliminary studies are listed 
in Table 2-1. 
Table 2-1 Summary of the conclusions drawn by Clark 
Variable Effect on dispersion 
Orifice diameter Inversely proportional to orifice diameter 
Propellant vapour pressure Proportional to Square root of pressure 
Surfactant concentration Inversely proportional to concentration 
Suspended solids Inversely proportional to log of solids 
Suspended solids size Proportional to size 
It should be noted that the measurement of dispersion were only evaluated in the 
screening studies conducted in factors influencing metered dose inhaler performance 
(chapter 4 of the thesis) and therefore none ofthe above conclusions can be drawn from 
the main body of the thesis (continuous and metered delivery). The conclusion 
regarding the suspended solids cannot be drawn from the data presented. The only data 
on suspended solids shows dispersion to be inversely proportional to the solids 
concentration. The only data presented for it being inversely proportional to the log of 
solids concentration is the data from Meakin and Stroud presented in his literature 
review. 
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The Dispersion is stated to be Proportional to Square root of pressure. The limited data 
presented shows a more linear relationship as does the continuous atomisation data for 
particle size (dispersion is shown to be proportional to particle size for suspensions) as 
Clark draws straight lines through the data presented. 
Given that Clark has shown in the continuous atomisation chapter that droplet size is 
inversely proportional to vapour pressure. Then it is surprising to find it presented later 
in the chapter, when combined with the product of q to have square root term (q is also 
shown to have a square root term). 
2.8.3 Dunbar(4} 
The most recent comprehensive research in the area of pMDI atomisation is that of 
Dunbar(4}. Dunbar reported on both the experimental and theoretical aspects of the 
spray delivered by a pMDI. The experimental work focused on the measurement of 
particles sized by a Phase Doppler Particle Anemometer (PDPA or PDA). The 
theoretical aspects focused on developing models for both actuator flow and the pMDI 
spray. 
The work of Dunbar was in three main chapters: 
» Experimental work using PDPA analysis of the spray both temporally and 
spatially 
» A theoretical model of actuator flow (computer based flow model) 
» A theoretical model ofpMDI spray (CFD based analysis) 
The experimental work was based around the spatial and temporal analysis of the spray 
emitted from the actuator using the PDA technique. 
The following parameters were determined from the PDPA data: 
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~ Axial drop velocity 
~ Axial gas velocity 
~ Gas phase turbulence intensity 
~ Volume mean diameter 
~ Drop number concentration 
~ Drop mass concentration 
~ Mean cone angle 
~ Mean spray duration 
The number of variables in the experimental work was rather limited in comparison to 
Clark, being restricted to 3 formulations, 134a placebo and a mixture of PI I and PI2 
(ratio 28:72 wtlwt) with and without drug (0.133% wtlwt propellant). The drug 
formulation also contained a surfactant (10% wtiwt drug). The drug-based formulation 
was a commercial CFC based product. 
The PDPA spatial analysis was determined at one point (0.09s into the spray), which 
coincides, with the most pressure stable part of the delivery. 
Spray cone angles were determined by photographic methods with means of between 
10.8 to 10.9 degrees being quoted for all formulations. 
In his work on modelling actuator flow, Dunbar bases most of his work on that of 
Clark, including the data for the orifice discharge coefficients, for both valve orifice 
and actuator orifice. 
In measurements of the duration of the spray Dunbar reports significant differences in 
the delivery times of the PI I : PI2 formulation with and without drug. The drug based 
formulation having an increased delivery time on average 35% greater than for the 
placebo. 
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The data outputs presented by his actuator flow model do not, in the case of outputs 
that are easily measured such as the pressure rise time, match the experimental data for 
such parameters in Clark. 
Dunbar reports that the only previously reported model that fitted his near orifice data 
was that of Clark. Although the number of models evaluated was limited. 
The model is given as: 
(2.38) 
Where Do. 5 is volume mean diameter, q is the vapour mass fraction and p is the 
pressure (subscript ec = expansion chamber and a = atmospheric) 
This is an interesting finding given that the model appears to be incorrectly defined in 
Clark due to a potential typographical error. The plots used to calculate the constant 
(Clark) have the power terms reversed (compare with Eqn. 2.37). 
Dunbar, in his next development, presented data on his theoretical model for the pMDI 
spray. The model was based on CFD (Computational Fluid Dynamics) modelling. 
The model used a separated discrete droplet model (DDM) in which the continuous gas 
phase and liquid phase interact via source terms (momentum, heat and mass). The 
turbulent dispersion of droplets in the gas phase in accomplished by using a stochastic 
model utilising the local eddy interaction. The spray was introduced into the flow 
domain via a single injection cell. The sizes of the particles introduced into the flow 
domain were determined from the predicted actuator flow model exit conditions and the 
initial drop size equation (Clark). Due to the rather large number of droplets produced 
by real sprays, droplet parcels (same velocity, size, temperature, position and time) 
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were used to represent the droplets and the calculations used a statistical, Monte Carlo 
simulation technique to determine the whole spray properties. 
2.9 Cascade impactors and Impaction theory 
Impaction instruments are used to assess the inertial properties of particles by 
categorising their aerodynamic diameter, which is, the diameter of a unity density 
sphere having the same settling velocity. Aerodynamic diameter accounts for both 
density and shape factor. 
The basic design of impaction devices has been studied both theoretically and 
experimentally, in numerous published works. The theoretical work is focuses mainly 
on single jet designs with either round or rectangular jets, whereas the experimental 
work focuses on the multi-jet commercial instruments. In commercial instruments there 
is a need to quantify the efficiency and ECD characteristics of the stage, inter and intra 
stage wall losses, particle bounce, re-entrainment, blow off and mensuration. 
Marple et al(174-176) conducted a comprehensive experimental and mathematical 
modelling of single impactor jets. The flow field in a series of round and rectangular 
single jets was studied using a 2D numerical solution of the Navier-Stokes equations to 
compute the flow velocity vectors. Particle trajectories were computed using an nth 
order Runge-Kutta integration over small incremental time steps. This technique gives 
the position of the particle at the end of each time increment. The process is repeated 
and the path ofthe particle tracked until it either makes contact with a wall or exits the 
flow domain. The work was further developed by Rader(l77) who evaluated the use of 
finer grids on particle trajectories and the effects of ultra-Stoke si an drag. He concluded 
that finer grids resulted in sharper curves and higher ECDs and the use of the ultra-
Stokesian drag coefficient produced a slight upward shift in the impactor efficiency 
curve. 
Details of mensuration studies can be found in Svensson et al(l78) Roberts and 
Romay(l79) and mensuration on performance Stein et al(l80, 181) details of particle 
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size calibration methods can be found in Mercer et al(182. 183), Rao and Whitby(184. 
185), Mitchell et al(16. 186. 187) Vaughan(J88) and Marple et al(J89). Another aspect 
that requires consideration is that of accuracy and calibration of the particle detecting 
equipment used in the procedure(187}. While the mensuration technique is applicable 
to establishing and maintaining system suitability only testing against standard particle 
sizes provides a true calibration. 
Limitations in the design of the USP throat with respect to deposition patterns have 
been shown(190) as well as the effect of flow rate(J91) and the actual EeD size range 
has been debated for some time. 
In recent years attempts have been made to assess the particle size by replacing the USP 
inlet throat with alternative designs like a glass bowl(J92) or designs intended to mimic 
the human upper airway(193). 
The use of a medium volume glass bowl type inlet resulted in the MMAD decreasing 
when compared to the USP throat(192) which is contrary to the results obtained here 
and can be explained because the glass bowl inlet technique fails to maintain time 
ordered sampling of the spray throughout the delivery process. The correct sampling 
regime is essential when using any sampling based instrument like the APS. The glass 
bowl technique over samples the fine particles that float around in the large void of the 
bowl and fails to accurately sample the statistically albeit lower in number larger 
particles resulting in a decrease in the mean size when compared to data generated 
using the USP or tube design inlets. 
2.9.1 Streamlines and particle motion 
Inertial impactors function by making use of specific characteristics of curvilinear 
particle motion. The fluid flow passes through a jet and the output directed against an 
impaction surface. The proximity of the impaction surface deflects the fluid flow and 
the flow is forced to turn and travel adjacent to the impaction surface. 
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A visualisation of the fluid flow can be obtained by plotting the streamlines. 
Streamlines are computed from the magnitude fluid flow velocity vectors. The most 
important aspect of the streamline with respect to the functionality of an impactor is the 
rate at which the streamline changes direction as it approaches the impaction surface 
(Figure 2-2). It is a particles inertia that determines how closely the particle will follow 
the streamline. As the inertia increases there is a greater probability that the particle will 
impact rather than follow the fluid flow. The calculated streamlines for a single jet, 
based on the dimensions of ajet from plate 3 of the ACI, using the average inlet 
velocity, are shown below. 
w 
T 
s 
Impaction surface 
Figure 2-2 streamlines in jet 3 of the ACI at 28.3 lImin showing angle of contact with 
impaction plate ( S is the jet to plate distance, W is the jet width and T is the jet length). 
2.9.2 The Stokes Number 
A particle can be defined by a characteristic relaxation time r p and the flow system 
characterised by a relaxation time r f . 
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(2.39) 
(2.40) 
The ratio of the two relaxation times defines the dimension less Stokes Number. 
(2.41) 
Pp is the density of the particle, dp is the particle diameter, C, is the Cunningham slip 
correction, wJ is the width of the jet, u is the average flow velocity, and T/ is the 
viscosity of the fluid. 
2.9.3 The probability of impaction 
The probability that a particle will impact is determined by the magnitude of the Stokes 
Number or more precisely by the ,.) Stk , which is proportional to the aerodynamic 
diameter. Collection efficiency curves are usually plotted against aerodynamic diameter 
or ,.)Stk. The value ,.)Stk50 is determined atthe 50% collection efficiency. 
Unfortunately there is no uniquely definable Stokes number for an impactor design. 
Mercer and Stafford(183) derived streamlines based on simple geometric assumptions 
that expanded on the work of Ranz and Wong(194). Mercer also conducted a series of 
experimental studies that showed the plate to jet width ratio was critical in determining 
,.) Stk 50 and the slope of the efficiency curve was a function of S/W. Marple(174) 
showed experimentally and theoretically that the square root of the Stokes Number 
approaches 0.5 for a round jet impactor and 0.75 for a rectangular jet impactor. It was 
shown that the Stokes Number is a function of several geometrical parameters and 
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included the ratio of jet to impaction plate distance (S) to the jet width (W), the length 
of the jet (T) to the jet width (W) and the Reynolds Number. The optimum values are 
given in the Table 2-2. 
Table 2-2 Impactor design guidelines for round and rectangular jets 
Jet Type S/W T/W Reynolds Number 
Round 0.5 1 3000 
Rectangular I 1 3000 
Marple(J89) issued the guidelines (Table 2-2) for round jet impactors, S/W > 1 and 
Reynolds Number 500 < Re <3000. The Reynolds Number (Re) is defined as 
Round Jet (2.42) 
Rectangular Jet (2.43) 
Rectangular Jet Circular Jet 
Figure 2-3 comparison of rectangular and round jets (taken from John(l90)) 
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10hn(195) derived a simple, accurate ECD for both round and rectangular jet impactor 
designs and showed theoretically (with some assumptions) that .JStk,o was 0.5 and 
0.75 for round and rectangular jets respectively (Figure 2-3). 
2.9.4 Other factors controlling impactor efficiency 
Apart from the determination of ECDs and efficiency curves there are a number of 
other important aspects that determine the overall performance of multi-stage cascade 
impactors. Deviation from ideal performance can be down to addition factors such as, 
particle bounce, and re-entrainment, blow off and wall losses. Particle bounce occurs 
when a particle with sufficient inertia to deposit on the impaction surface recoils from 
the surface and re-enters the fluid flow. 
There are a variety of factors that can lead to this type of behaviour, including excess 
velocity(183), the compliance of the particle, droplet or surface, adhesive nature of the 
surfaces and energy dissipation(196). There are many studies where the surface of the 
impaction substrate has been coated with a thin layer of grease(188), grease in a solvent 
(186), oil, petroleum jelly (184), silicone oil, buffer solution (197), silicone oil (183, 
198), silicone spray (199). The impaction surface has also been evaluated and 
collection surfaces used include stainless steel, glass, liquid, glass fibre and filter paper. 
When the deposits build up on the impaction surface and a process know as 'Blow off 
can occur, this is when the particles are loosely bound to previous deposits and the 
force of the impaction fluid jet and or the incoming particles is sufficient to dislodge the 
already deposited particles. This problem is can also be related to factors such as the 
number of doses per test and the concentration of particles in the aerosol. 
In the perfect cascade impactor all of the aerosol would be deposited on the impaction 
plates. Wall losses account for the balance of material and these losses are due to the 
poor design of the flow paths through the impactor. Vaughan (188) conducted 
visualisation studies using phosphor powder that fluoresced under ultra violet 
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illumination and identified several areas within the ACI where wall losses occurred. He 
concluded that most deposition occurred in areas where the airflow either converged or 
changed direction. The losses on jet stage 0 were concentrated in the centre of the stage 
when the cone inlet was used and were in three distinct regions below each inlet when 
the pre-impactor was used. There was considerable deposition around the periphery of 
stage 0 that was reduced in the Mk n, when a hole in the centre of the upper impaction 
plates was introduced. However, the introduction of the hole altered the flow pattern 
and produced deposition in the dead space underneath stage O. 
Turbulent flow is another aspect that has been shown to influence the sharpness and 
ECD is the onset of turbulence, Marple(J 74) recommended that the best optimum 
conditions for impactor operation were with a Reynolds number of3000. It should be 
noted however that no turbulence models were used during Marples work. May(200) 
concluded that higher Reynolds Number produced well-defined haloes around the 
central impaction spot and thus reduced the sharpness of the cut off. 
A similar conclusion was reach by Berner(201) who studied the affect of jet to plate 
distance and Reynolds Number on the size and shape of secondary deposits around the 
central impaction zone. Berner concluded that reducing the distance between the jet and 
the plate increased the secondary deposition. The space between the central impaction 
zone and the secondary (halo) deposits was almost completely free of particles and that 
the particles in the central impaction zone were larger than those in the halo deposit. 
This effect was attributed to the fact that the boundary layer near the impaction surface 
becomes turbulent. Gomez-Moreno et al(52) concluded that as the jet to plate distance 
increases the stabilising effect of the impaction plate on the jet is diminished and that 
increasing the plate to jet distance was analogous to increasing the Reynolds Number. 
In a review of the performance of many cascade impactors it was highlighted that the 
performance of some stages deteriorated as the Reynolds Number of the stage 
increased. 
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The influence of gravity on impactor performance has been studied by inverting the 
impactor and a shift in efficiency curves reported(200). The ECD was lower when 
gravity acted in the direction of flow. Gravity had a more pronounced effect when 
particle diameters were larger and the flow velocity was low. It was concluded that 
gravity would have little influence on particles less than 5 urn. In a computational study 
it was shown that the ECD was shifted to the left by inclusion of the gravity term for 
Reynolds Numbers in the range 10 to 3000(202,203). 
In an experimental study it was concluded that the effect of cross flow in multi-jet 
impactor designs would be minimised if certain design criteria were met. Fang et 
a/(l98) derived an empirical equation based on the experimental work ofRouf(204), 
which in turn were based on heat transfer experiments. The equation contains a cross-
flow parameter 
~ = 1.06[x ]327 
D 
(2.44) 
where x is the deflection distance relative to the jet centre line, D is the jet diameter. 
The cross flow parameter X, is defined as 
x=[! ~] (2.45) 
where m is the ratio of jet to cross flow mass flux and S is the jet to plate distance, and 
the periphery of the flow is defined as 
(2.46) 
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where N is the number of jets and D)s the diameter of the jet cluster. 
Fang(l98) in concluding recommended the use of a cross flow parameter less than 1.2. 
2.10 Review ofthe literature 
2.10.1 Interpretation of particle size and distribution 
The correct interpretation of pharmaceutical particle size data is a fundamental step in 
understanding and thereby improving drug delivery. A good example of how variation 
in data interpretation can lead to the incorrect assessment of experimental data can be 
found in Polli(155) which is a widely used reference for the effects that system 
variables such as drug loading, pressure and exit orifice have on the performance of a 
pMDI. 
Polli reported that the exit orifice size was influential in the resultant particle size 
determination and the effect could be dramatic in terms of the MMAD with reported 
data showing a shift from 3.2 IUIl to II IUIl and a more dramatic shift in MMAD for a 
change in the formulation drug concentration, with the MMAD ranging from 3.2 flm up 
to 18 1UIl. These shifts are far greater than that seen in the current work and raise an 
obvious question as to why this should be. The most obvious difference is the type of 
propellant system used, whereas the current work uses an HF A propellant; Polli used a 
mixture ofCFC propellants and this technique was also used by Clark(141). 
The main formulation system used by Polli containing 20% propellant 12 and 80% 
propellant 114. This mixture produces a formulation with a very low vapour pressure 
(31 psig, reported» which is not only low in comparison to the HFA systems used in 
here but is low when compared to most of the older commercial CFC formulations. The 
20/80 CFC mixtures (121114) formed the lowest pressure point in the derivation of the 
Clark atomisation model and CFC propellant mixtures of similar vapour pressure were 
shown to produce large droplets at the spray front(163) and probably forms the basis of 
the visually interpreted and cascade impactor measured ballistic fraction(6, 7). 
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Analysis of Polli experimental work shows a not uncommon error when analysing 
cumulative based MMAD data. The error can be relatively simply explained by 
analysis of the type of data interpretation used to assess the effects of system variables. 
The flaw in the analysis is to assume all material deposited in the inlet/throat section is 
larger than that deposited on the first impactor stage. In the analysis of the MMAD 
response Polli appears to have used the cumulative mass with the assumption that all 
material deposited in the throat section is larger than the cut off for the first impactor 
stage and the cumulative plots do not therefore go to 100%. The mass in the throat is 
taken as part of the total cumulative mass but without a size assignment. Therefore the 
total drug deposited on the impactor stages is less than 100% and this shifts the 
interpreted 50% point, given a false MMAD value as can be seen in Figure 2-4. In 
Figure 2-4 a change of only a few percentage points in throat deposition (from 47 to 
50%) shift the MMAD from 4 f1m to 16 f1m. 
The most notable shift in MMAD seen by Polli was for the drug concentration. In the 
reported data an order of magnitude shift in the formulation drug concentration has no 
effect on MMAD (3.2 J1ffi t03.2 f1m) but a subsequent doubling of the drug 
concentration shifts the MMAD from 3.2 f1m to 18 J1ffi, a value, it should be noted, that 
is greater than that of the largest impaction plate (16 J1ffi) present in the cascade 
impactor used in the Polli study. 
It is therefore proposed that the large shifts seen by Polli are as a result of the analysis 
techniques used rather than for the variables reported and further emphasises the 
importance placed on data analysis methods and the problems that can arise from not 
using a statically based assessment of the particle size mean and distribution generated 
by the pMDI (Figure 2-4). 
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Figure 2-4 the effect of including throat deposition in total cumulative mass, with the 
addition of onl y an extra 3 % of particle deposition in the throat section shifts the 
MMAD from 4 to 16 I.un 
One of the major limitations to modelling the particle size generated by the pMDl is the 
method used to assess both s ize and distribution. The correct interpretation of particle 
size data is the biggest challenge facing both the pharmaceutical and device developers. 
One of the major limitations to modelling the particle size generated by the pMD I is the 
method used to assess both s ize and distribution. The correct interpretation of particle 
size data is the biggest cha llenge facing both the pharmaceutical and device developers . 
2.10.2 Modelling the flow through a pMDI 
2.10.2.1 Isentropic flow 
The speed of sound in the vapour phase is a fundamental parameter in determ ining the 
velocity in a choked two phase flow scenario. T he isentropic flow assumption is used in 
the development of the basic homogeneous two phase flow model. In an isentropic flow 
the relationship for the vapour pressure (P), density (p) and the adiabatic index or ratio 
of specifi c heats (y) can be defined as a constant(141) 
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P 
-k = Constant 
p 
And the speed o f sound in an isentropic gas is de fin ed as 
(2.2) 
(2.3) 
The data for the speed of sound in the propellant vapour was taken from the propellant 
manu facturers data(205) and the pressure, density and ratio of specific heats requ ired 
fo r th e computation of th e speed of sound in an isentropic gas from propellant 
manufacturers data(206) . 
The resul ts comparing the man ufacturer 's data w ith the isentropic law are show n in 
Figure 2-5 and indicate there is a signifi cant difference not only in the va lue but in the 
temperature response with the measured va lues peaking at j ust under 147 m S-I whereas 
the isentropic based value shows an approx imate linear increase with temperature. 
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Figure 2-5 Speed of sound in 134a propellant vapo ur based on manufacturers data and 
computed from the isentropic law 
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The speed of sound in an isentropic vapour was used by Clark in the derivation of the 
mass flow equation that incorporated a simplified version of the speed of sound in a 
two phase flow derived from classical theory(JOO, 207), The equation for the speed of 
sound in an isentropic vapour incorrectly determines the speed of sound for propellant 
134a when compared to the supplier's data(205) which shows very little change in the 
speed of sound over the range covered by the experimental data. Based on this data 
interpretation the isentropic assumption is not valid. 
2.10.2.2 Homogeneous flow 
The homogeneous flow assumes that the vapour and liquid phases are uniformly 
dispersed within the two phase flow domain and is a fundamental assumption used in 
previous pMDI actuator two phase flow models. 
The flow in the expansion chamber and exit orifice region has been studied previously 
(5, 208) and shows the distribution to be non homogeneous. 
Data presented in A.V High speed spray image analysis and A.VI Temporal analysis of 
the spray plume for the axial and transverse spray plume shows the distribution within 
the plume to be non-homogeneous. The validity of the homogeneous assumption and 
flow models based upon the assumption must therefore be doubted. 
2.10.2.3 Two phase flow model assumptions 
The literature review reveals a wide array of models have been used to account for 
varying aspects to the two phase flow models such as slip, vapour generation, 
homogeneity etc. It must be recognised that in most published work on propellant based 
systems has been conducted under idealised conditions where variables such as 
pressure, temperature, vapour state and flow rate are under controlled conditions and 
yet there still remains no consensus on two phase flow models and given the transient 
non idealised flow conditions that exist during the flow in a pMDI an exact solution 
remains unresolved. 
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2.10.2.3.1 No slip between phases 
The assumption of no slip between the gas and liquid phases during two phase flow 
would appear to be invalid as published data for the flow of 134a through narrow tubes 
shows there not only is slip present but it also varies depending on the type of two 
phase dispersion present, including but not limited to dispersed, bubbly, slug, chum, 
annular and annular mist and that a wide range of velocity components exist between 
the two phases(209-211). 
It can be concluded that the assumption of no slip between phases would be 
inappropriate in the modelling of actuator flow. 
2.10.2.3.2 Frozen flow 
Dunbar has proposed a mechanism for bubble growth within the orifice flow of an 
MDI(4, 212). The bubble growth rates and vapour generation rates for 134a propellant 
can be considered to be very high, based on the rapid volume expansion measured in 
stem and expansion chamber during the start of the metered delivery cycle and the 
measured vapour pressure recorded within the metering valve during propellant 
delivery(141) 
In previous work it has been postulated that the flow through the exit orifice develops 
an annular liquid layer and such a flow regime would also support the non-
homogeneous assumption(208) however the length of the orifice used in this study was 
longer than that found in commercial actuators. 
It can be concluded that the frozen flow assumption would be inappropriate in the 
modelling of actuator flow. 
2.10.2.3.3 Bubble growth and the rate of flashing 
Bubble growth rate is critical in determining whether the saturated vapour conditions 
can be maintained in the valve during the delivery process. Experimental results for 
metal valves show this could be the case but in plastic valves it will need to be 
validated before the assumption can be made with any degree of reliability. 
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The instantaneous flashing of propellant 134a is not well defined. In the flow of 
superheated liquids from small orifice designs it has been that there is an idle time, 
usually of the order of a few milliseconds, that can exist prior to explosive expansion 
taking place(99, 213, 214). The accurate prediction of the early metastable 
thermodynamics present in the delivery system are not easily solved and could account 
for the large differences in pressure rises within the expansion volume of the MOL In 
the Clark model the pressure rises much slower than would be indicated by the 
experimental data whereas the instantaneous flashing approach utilised by Dunbar 
significantly oversimplifies this complex early stage of the delivery process. 
It can be concluded that bubble growth rate and flashing are important and supports the 
assumption made above that the frozen assumption is not valid. 
2.10.2.3.4 Metastability 
Metastability is the ability of a non-equilibrium state to persist for some period of time. 
In the case of the flow through the MOl delivery system the state can exist when rapid 
changes take place such as those observed at the start of the metered delivery process 
when the rapid flashing of the propellant takes place and thermodynamic equilibrium 
for the saturated state momentarily fails to apply. The use of the term metastable has 
often been used in flow modelling of MOl's to account for errors in model prediction 
rather than limitation induced by the basic model assumptions. Metastability can be 
expected to play a significant role in the modelling process but its effects could be 
masked by other factors. 
2.10.2.4 Air purging and the potential flow phase of the delivery process 
During the very early phase of the delivery process it is assumed that the expansion and 
stem volume are full of air under ambient conditions. When the valve orifice is open to 
the metered volume the formulation expands rapidly towards the exit orifice. In doing 
so there are three possible scenarios; 
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» The air is purged out of the system ahead of and by the advancing propellant 
» The air is entrained and mixed with the advancing two phase propellant 
» The majority of the air is purged ahead of the advancing two phase flow but 
some will be entrained by the flashing flow front. 
Given the asymmetrical flow path in the stem and actuator volume a large portion of 
the air can be expected to have been purged by the advancing propellant front. 
2.10.3 Atomisation models for the pMDI 
The flash atomisation model of Sher(1 02) is difficult to use as it requires knowledge of 
bubble growth and the geometric standard deviation and is based on the assumption of 
ideal gas behaviour. A predictive model requiring the GSD and bubble growth 
parameters is not ideal for the practising aerosol developer. 
The drop size model of Fletcher(5) predicts the mass median diameter to be 
proportional to the exit orifice diameter (for solution formulations) however published 
data for solution formulations(192) would indicate a dependence on the orifice diameter 
it would not appear proportional. 
The model ofClark(141) is difficult to use because of the dependence on the quality of 
the flow through the expansion chamber of the device. The quality (mass fraction in the 
vapour phase) is a parameter not easily determined and will vary during the deliver 
process. There is however supporting work for the model as Dunbar(4) reported a good 
correlation, using phase Doppler anemometry, between droplet sizes, measured for both 
CFC and HFA based formulations and the predictive equation of Clark but confusion 
over the correct exponents to be used in the correlation equation (3.8.3). 
Dunbar used the value of 8.02 for K whereas in Clark it is stated that this value is 
applicable only to the continuous atomisation mechanism whereas Dunbar used only 
metered actuation. When Clark evaluated the metered dose process the value for K was 
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reported to be 1.82 and the correlation coefficient quoted by Clark had also decreased 
showing far less reliability in the method used to derive the equation. 
A further aspect regarding Dunbar's correlation with the equation is the significant 
difference in the void fractions calculated in their respective works. Dunbar has the 
derived void fraction at very high values, generally greater than 99% whereas Clark 
does not specify any void fractions but it can be interpreted from his two-phase flow 
work that the void fraction would be somewhere in the region that would give a 
minimum two phase velocity through the exit orifice and the void fractions in the Clark 
derivation would be in the region of27 to 63 % and this range of values is in agreement 
with the orifice velocity range predicted by his homogeneous two phase flow model. 
Had Dunbar had used the metering value of 1.82 for constant in his work then the 
results would not have given such a good agreement to those generated by Clark, as the 
droplet size would change by a factor of approximately 4. 
During the first half of the delivery process the Dunbar actuator flow model predicted 
expansion chamber qualities to be less than 0.02 and only exceed 0.01 towards the end 
of the delivery cycle. Based on Dunbar's predicted expansion pressures the correlation 
to Clark should be poor. If it is assumed that Dunbar used his actuator flow model 
predictions for exit quality rather than expansion quality then the correlation to Clark 
improves. There is however a number of technical limitations with the Dunbar actuator 
flow model that need to be highlighted before a full judgement can be made and these 
are: 
~ The predicted exit void fraction (>0.992) is excessive for an adiabatic flow 
based flow model 
~ The average residence time «5I!s) in the exit orifice is several orders of 
magnitude too short for the required degree of flashing to occur given the 
velocity predicted and the length of the exit orifice. 
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» The exit velocity predicted (225 m S·I) is well in excesses of the speed of sound 
in propellant 134a (approximately 145 m S·I) 
» The predicted output of the model fails to transition smoothly between sonic 
and subsonic flow 
» Assumption of instantaneous flashing and the attainment of full saturated 
vapour pressure irrespective of the orifice or expansion volumes used 
» The predicted expansion pressure profile does not match those obtained from 
the experimental route 
The predicted outputs from Dunbar's flow model data have been recalculated by the 
current author and show the difference between using the expansion volume and final 
exit condition in the model (Table 2-3). 
Table 2-3 Predicted droplet diameters using Clark atomisation model in Dunbar format 
and expansion and exit data from the Dunbar flow model 
Flow Period Quality in expansion Volume Quality at exit 
Start 51 flm 4.5 flm 
0.05s 42 flm 4.7 flm 
O.ls 34 flm 5.1 flm 
0.15s 26 flm 6.0 flm 
Only 5 of the 10 flash correlation factors presented in a recent review of flash 
atomisation(215) have a pressure term as a variable and where pressure is used it is in 
association with one or more thermodynamic system variables and all of the correlation 
factors are based on a form of internal energy function except the Weber based factors. 
Wbich further supports the assumption presented here that what Clark actually 
measured was an indirect measure of the internal energy function namely the resultant 
vapour pressure produced by the proportional mixing of two propellant systems? 
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2.11 Conclusions 
The correct interpretation of cascade impactor data is fundamental to understanding the 
products therapeutic effects and the principles covering the design of delivery 
technology however much of the published pharmaceutical data results in conflicting 
opinions as to the basic nature of the distribution produced by the pMDI. A study to 
understand the functional performance of the cascade impactor is required. 
The inlet designs of the cascade impactor will affect how the plate data is interpreted as 
demonstrated by the PoIIi data analysis. 
An understanding of the atomisation potential of the pMDI requires a study of both the 
formulation and the critical device parameters such as the diameter of the exit orifice. 
Current flow models for the pMDI have limitations either in the complex difficult to 
measure parameters like quality of the flow or the dependence on limited assumptions 
regarding the nature of the two phase flow. It is clear that the thermodynamic properties 
other than pressure play a significant role in determining the size and distribution of the 
spray. 
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3. Objective of the research 
The primary objective of the research was to develop an understanding of the factors 
that control the particle size and particle distribution of the spray emitted from a pMDI 
and how this data is interpreted commercially. It was important that the objective was 
achieved using methods and techniques acceptable to the pharmaceutical industry and 
where appropriate develop and understanding of why the standard regulatory defined 
pharmaceutical methods such as the inertial impactor may not be appropriate in 
achieving the objective. 
The primary particle characteristic used in assessing respirable potential of the dose 
emitted by a pMDI is the aerodynamic diameter which was studied using both the 
pharmaceutically acceptable ACI technique and the less acceptable but significantly 
enhanced aerodynamically capability of the APS technique. 
Mathematical modelling of the predicted deposition for a range of inhalation based 
distributions was conducted using a model constructed using literature values for 
calibration data applicable to the ACl and to assess the deviation from ideal 
performance of Andersen cascade impactor thus produced. A CFD model of the airflow 
through the impaction stages of the most widely used commercial multistage cascade 
impactor (Andersen non viable eight stage cascade impactor) was developed and the 
data compared to the aerodynamic data measured by the aerodynamic particle sizer 
(APS). 
It is recognised within the pharmaceutical industry that the design of inlet samplers and 
the impact they have on the interpretation of particle size is not well understood. To 
facilitate the correct particle sampling of the emitted dose produced by the pMDI a 
suitable alternative design for an inlet sampler was developed using the techniques of 
high speed laser sheet imaging to evaluate plume geometry and computational fluid 
dynamics (CFD) to understand and then improve the design of an inlet to be used as the 
sampler interface to the APS to facilitate an improved understanding ofthe particle size 
characteristics produced by the pMDI. High-speed digital, laser sheet illuminated video 
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images was digitally analysed to produce data to assess the fundamental nature of the 
plume exiting the delivery device. 
The currently accepted mechanistic principles driving the atomisation process were 
evaluated. The currently accepted theories centre on the primary factors being the 
vapour pressure and the fraction of gas (void fraction or mass fraction in tbe vapour 
phase) present in the two phase mixture. To facilitate tbis aspect a set of experimental 
studies together witb a detailed review of the literature regarding tbeories and validity 
of assumptions previously applied to the modelling of two phase flow through inhalers 
and flash atomisation was undertaken. 
The critical review of the literature has indicated that current flow models used to 
predict the flow through an inhalation delivery system are limited by some of the 
fundamental assumptions made regarding the thermodynamics and two phase flow used 
at the core of these models. In practice there is an almost infinite set of solutions that 
can be generated and to overcome these limitations only the extreme limits of flashing 
and quality were considered. The potential for developing a suitable two-phase flow 
model was evaluated. The current flow models were evaluated and critically reviewed. 
Force based measurement systems were developed to measure botb the effect of 
variables temperature and pressure and to assess the potential effect tbat momentum 
transfer from the spray plume to the test airflow has on tbroat/inlet geometry. 
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4. Cascade Impactor 
The cascade impactor is the pharmaceutical regulatory bodies preferred instrument for 
the assessment of new inhalation products and the performance monitoring of licensed 
inhalation therapies. 
Experimental methods and results from the following investigations covering a range of 
theoretical and experimental performance related aspects of the ACI are reported in this 
chapter: 
)0 Generate baseline ACI data for a solution and a suspension formulation 
)0 Outline the functional use of the ACI, calibration methods, components and 
configurations 
)0 Conduct a droplet deposition study to assess the deposition pattern on the first 
impaction plate 
)0 Develop a mathematical model to predict the performance of the ACI based on 
realistic plate calibration data 
)0 Use the mathematical model to assess the ACI response to mono-modal and 
multi-modal distributions 
)0 Conduct a mathematical based study to assess bimodal tendency reported in the 
literature for the ACI 
)0 Assess the practical limitations for combinations of MMAD and GSD and the 
truncation of distributions by the USP inlet throat 
)0 Evaluate the limitations of the lognormal with respect to the lower level 
applicable for the correlation coefficient 
)0 Assess the bounce potential of a suspension based particles at the functionally 
critical respirable diameter of 4.7 IUJl 
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4.1 Cascade Impactor Data for Suspension and Solution formulations 
4.1.1 Introduction 
The objective of the initial ACI work was to generate a baseline for impactor data for 
both solution and suspension formulations. The solution formulations used here will be 
the base formulation to be used in the droplet generations studies. The suspension 
formulation is used to demonstrate the non lognormal behaviour generally reported for 
suspension formulations(7). The size and distribution of a solution formulation is a 
function of the atomisation process whereas the suspension formulation depends not 
only on the basic atomisation but also on the size ofthe discrete drug particles 
generated by the micronisation of the raw drug material and any processes that alter the 
nature of the association between the discrete drug particles once in the formulation. 
4.1.2 Methods for ACI testing 
The ACI tests were performed using a standard volumetric flow rate (28.3 I min· l ) 
During each assessment the test units were actuated ten times with a 30 second interval 
with a shake period prior to each actuation. The ACI was disassembled and the drug 
deposited on each component analysed(216). Five replicates from each design were 
tested and the average presented (thanks to L. Marriott and staff of the Analytical 
Group, 3M Healthcare Ltd, who carried out the analysis). The data presented are 
therefore the average of 5 test each of 10 actuations. 
Andersen cascade impactor testing was conducted using the commercial HF A products 
QVARTM (solution) and Airomir™ (suspension). 
The suspension formulation was tested using actuators with exit orifice diameters of 
0.22, 0.28 and 0.34 mm. The solution formulation was tested using orifice diameters of 
0.25, 0.30 and 0.34 mm diameters (the variation in orifice diameters results from the 
two studies being conducted at different times using different batches of actuators). The 
upper exit orifice diameter was determined by the point at which the ballistic fraction 
(USP throat deposition) accounted for approximately half the total drug recovered from 
the ACI. 
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The data were analysed and presented using a custom written 3 M proprietary software 
package, the theoretical principles and mathematical processes used in the development 
of the software can be found in Thiel(6, 7). 
4.1.3 Results and discussion 
4.1.3.1 Analysis of cascade impactor data - suspension formulation 
Using the data analysis method proposed by Thiel(6, 7) it can be concluded that the 
cascade impactor data for suspension formulation are not, from an ideal perspective, 
accurately described by the lognormal distribution (Figure 4-1 to Figure 4-3). The 
distributions have a characteristic S shape rather than the expected straight line 
expected for the log probability plot. 
The suspension formulation shows a deviation from the expected linear correlation. It 
should be noted that there is no real evidence in the literature to verify that any 
suspension formulation should conform to a specific distribution because of the 
complex nature and system variables found in the suspension formulation. The drug 
was produced by a micronisation technique and should the process produce a lognormal 
distribution there are many other factors that can alter the size of the particles once in 
the suspension formulation environment. The level of suspending agent would be 
expected to influence particle size. Ostwald ripening would also alter the natural 
particle distribution because of the difference in surface energy levels resulting from 
the micronisation process and because any solubility of the drug in either the propellant 
or co-solvent would result in a preferential shift in material from the small sub micron 
particles to the larger particles(217-219). 
The transfer of material from small to large particles and due to the Kelvin effect is 
primarily a diffusion driven process and is therefore a function oftime. It can therefore 
be expected that particle size and distribution for a suspension formulation will change 
as a function oftime. This type oftime-based shift in product performance will have an 
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impact on the shelf life of the product, given that the product has to maintain a 
specification (particle size and distribution) within a window based on the data 
generated at the start ofIife and the product stability database. 
The non-linear regression process (Figure 4-4 to Figure 4-6) results in a significant 
change in both MMAD and GSD of the data. The MMAD shifts upwards from 
approximately 2 to 2.5 /lm and the GSD decreases from approximately 1.9 to 1.5. 
Reference to the data plot show that there are 8 data points from the cascade impactor 
(cumulative mass data from 7 plates plus the filter). Of the 8 data points plotted 4 
represent less than 10 percent of the total mass and are at the extremes ofthe 
distribution. The correlation coefficient (r) used to determine the goodness of fit 
functions by determining the minimum error terms to the best-fit straight line and the 
resultant correlation coefficient can be misinterpreted(172). 
Data points at the extremities of the linear plot have the greater influence on the 
calculated error term. The points in the central region have a smaIler influence and a 
point at the centre would have little influence, as it would be possible to rotate the 
straight line about this point, will little or no effect on the magnitude of the error term 
for that point. 
4.1.3.2 Analysis of cascade impactor data- solution formulation 
The solution formulations deviated from the lognormal but the deviation was not as 
visually significant as that found in the suspension formulations (Figure 4-7 to Figure 
4-8). The suspension and solution formulation the same propellant systems (propellant 
134a) with the suspension formulation having a higher level of the ethanol co-solvent 
(15% w/w). The distribution of the solution formulation will be governed solely by the 
atomisation process whereas the suspension formulation may have lognormal droplet 
distribution whilst the residual particle will be based on the distribution of the 
particulates within the droplets. 
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It should be noted that the ACI deposition profile for the much finer solution 
formulation is centred on plate 4-6 with much greater deposition in the filter whereas 
the suspension formulation was centred on plates 3-5. The mean particle size is less 
than half that of the suspension formulation and highlights the advantages of a solution 
formulation where the particle size is controlled by the atomisation process and not as 
in the case of the suspension by micronised drug particles and formulation parameters 
such as surfactant level. In the solution data the upper four ACI plates contain less 
deposition than the filter. 
The GSD of the solution formulation is greater than those determined for the 
suspension formulation and this could indicate that the atomisation process produces 
larger droplets than could be predicted by the suspension data. The GSD is a relatively 
difficult measure to visualise because it is the slope of lognormal distribution centred at 
the MMAD. In a solution formulation the GSD of the initially atomised droplets will 
have the same GSD as that of the residual droplet after the co-solvent and residual 
propellant have evaporated because all the droplets decrease in size by the same 
ratio(192}. GSD is therefore not easily interpreted when considering a range of particle 
size without reference to the MMAD; this is not the same when one compares it to the 
standard deviation of a Gaussian distribution, where the standard deviation would 
decrease with a reduction in droplet size. 
If the data were re-plotted without the upper three plates the MMAD and GSD are both 
reduced. The drug deposition detected on plates 0 and I of the ACI is not that different 
between the two formulation types, which given the much smaller MMAD of the 
solution formulation is unexpected and gives further support to the claims that the 
upper stages of the ACI do not perform functionally as claimed by the manufacture (the 
functional performance of the upper plates will be discussed later in chapter 4 and the 
airflow modelled in the chapter 6). 
104 
Chapter 4 Cascade impactor 
4.1.3.3 Spray orifice diameter 
The spray orifice diameter had no apparent effect on the median particle size (MMAD) 
determined from the ACI data (Table 4-1). The orifice diameter did however, as 
expected increase the deposition in the induction port of the ACI(190), as defined by 
the ballistic fraction (Figure 4-4 to Figure 4-6, Figure 4-10 and Figure 4-12). 
A wider range of formulation and actuator variables will be evaluated in chapter 5 
where the assessment of particle size will be determined by an instrument designed to 
measures aerodynamic diameter to a significantly higher aerodynamic resolution than 
attainable using the ACI. 
Table 4-1 Summary of lognormal fits for the ACI data (Figure 4-1 - Figure 4-12) 
including the non linear regression analysis method proposed by Thiel* 
Formulation Orifice MMAD GSD Correlation MMAD* GSD* 
(mm) coefficient 
Solution 0.25 1.16 2.26 0.978 1.20 1.92 
Solution 0.30 1.21 2.24 0.971 l.21 1.86 
Solution 0.34 1.18 2.25 0.977 1.24 1.94 
Suspension 0.22 1.97 1.91 0.965 2.50 1.46 
Suspension 0.28 1.95 1.97 0.965 2.47 1.48 
Suspension 0.34 1.99 2.03 0.964 2.58 1.52 
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Figure 4-1 Log probability plot for suspension fonnulation with 0.22 mm exit orifice 
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Figure 4-2 Log probability plot for suspension fonnulation with 0.28 mm exit orifice 
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Figure 4·8 Log probability plot for solution formulation with 0.30 mm exit orifice 
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4.2 Modelling drug deposition in the Andersen Cascade Impactor 
4.2.1 Introduction 
In the preliminary investigation studies (4.1) it was shown that the data from ACI 
testing, when classically processed, did not result in an ideal fit to that expected of a 
lognormal distribution. The lack of fit to a lognormal distribution as shown in section 
4.1 is not unusual and most inhalation products show some deviation from the 
lognormal and in a few cases the departure determined is significant (7) and raises 
questions regarding the fundamental understanding of the inhalation properties being 
measured and the assumptions there in. 
The objective of the work undertaken here is to mathematically model the deposition 
characteristics of the ACI in an attempt to resolve the observed differences in both 
mean and distribution data produced by the standard ACI testing ofpMDI's when 
compared to other particle size techniques such as the APS and PDA. 
4.2.2 The Andersen cascade impactor 
The ACI was chosen for the study because it is the most widely reported cascade 
impactor used in the assessment of inhaled pharmaceutical products and is due in part 
to its heritage, the number of impactor stages (perceived resolution), its relative 
flexibility in the range of calibrated flow rates that can be accommodated and as a result 
it can be regarded as the industry standard method for the assessment of the inertial 
impaction properties of inhaled therapies. 
In the assessment ofpMDI's the instrument is normally operated at 28.3 I min-! but 
can also be used to assess DPI's at flow rates of 60 or 90 I min-! when configured 
appropriately. When used for the assessment of DPI's, a pre-separator unit, designed to 
trap larger particles(J97) before they can enter the sizing stages of the instrument can 
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be fitted between the induction/inlet port and the first impactor stage. The stage layouts, 
cut sizes and flow rates of the Mark II ACI are shown in Table 4-2. 
Table 4-2 Flow rate and stage layouts for the ACI 
28.3 IImin 60llmin 90llmin 
Stage Stage Cut- Hole in Stag Cut- Hole in Stage Cut- Hole in 
layout No. point impactor e point impactor No. point impactor 
(urn) (urn) (urn) plate No. plate plate 
I 0 9 Yes -I 8.6 Yes -2 8 Yes 
2 1 5.8 Yes -0 6.5 Yes -1 6.5 Yes 
3 2 4.7 No 1 4.4 Yes -0 5.2 Yes 
4 3 3.3 No 2 3.3 No 1 3.5 Yes 
5 4 2.1 No 3 2 No 2 2.6 No 
6 5 1.1 No 4 1.1 No 3 1.7 No 
7 6 0.7 No 5 0.54 No 4 1.0 No 
8 7 0.4 No 6 0.25 No 5 0.43 No 
Over the years there have been many revisions to the basic design of the ACI, one glass 
and two metal throats and a design modification to reduce wall losses in the upper 
stages in which the number and size of jets were changed and the flow path altered in 
the upper impaction plates (188). Stages 1 to 5 are common to all flow configurations 
but the ECDs are shifted downward as the flow rate increases. Stage I has ECDs of 5.8, 
4.4 and 3.5 flm at flow rates of28.3, 60 and 90 I min·1 respectively. A hole in the centre 
of the impaction plate was added to reduce the wall losses in the upper stages(l88}. 
4.2.3 The components of the ACI 
The ACI consists of two main functional components; the inlet throat with coupler 
section and the cascade impaction stack consisting of 8 impaction stages (stages 0-7) 
and a final filter stage. The influence of the inlet stage with respect to airflow etc. has 
been studied in the CFD chapter and with respect to atomisation in chapter 7. 
4.2.4 Calibration of imp actors and the basics of stage efficiency modelling 
Calibration of cascade impactors is one of the biggest challenges facing the 
pharmaceutical industry because there are no simple calibration methods available. The 
ACI user has to choose between the simpler mensuration technique, which require the 
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accurate measurement and statistical analysis of the jet diameter or the more expensive 
and time-consuming process of challenging each impactor plate with a range of 
calibrated mono-dispersed particles and the subsequent generation of an impactor 
efficiency curve for each stage. 
A full system calibration would include an assessment of all deposits, including wall 
losses. A spectroscopic or visualisation technique is normally used in this type of 
calibration procedures to accurately determine the quantity of calibration material both 
on the impaction plate and other particle deposition sites. Another technique that is 
widely used is the counting of mono-dispersed particles before and after the impaction 
stage. By using a range of particle sizes either side of the impactor EeD an impactor 
efficiency plot can be constructed. The collection efficiency E for each stage can be 
calculated from: 
E = IOO(1-N, / N,) (4.1) 
where N, is the number count with the impaction plate and N, is the count without the 
impaction plate. 
The ideal impactor efficiency curve will be a step function where E equals 1 just above 
the EeD and 0 just below the EeD. In practice the deposition efficiency curve for a real 
impactor approximates to a sigmoidal and the Geometric Standard Deviation (GSD) 
can define the particle size range of the impactor stage. 
GSD=~d84' 
d".9 
(4.2) 
Where d".9 and d'4.' are the diameters corresponding to the efficiency values at 15.9% 
and 84.1 % respectively. 
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The probability of a particle impacting can be determined from the Stokes number for 
that particle. The Stokes number is defined as 
c pd'u Pd,p = StkNo. = ..:...:"'-::'-
l81JD 
(4.3) 
Where D is a characteristic diameter associated with the flow path. When the flow out 
ofthe jet is symmetric about the central axis the characteristic diameter becomes half 
the jet width (w/2) and the Stokes number for a cascade impactor becomes 
c pd'u Pd,p = StkNo. = .::...£!' ::.:.:....::. 
9r]w (4.4) 
In the ideal design the Stokes number associated with ECD of each impactor stage 
would be a constant; however in practice there are a number of other system variables 
that influence the overall flow characteristics. The probability of impaction is a function 
of the Stokes number 
Pd,p = f(StkNo) (4.5) 
The probability of impaction is also a function of the particle position within the jet 
width and the probability of deposition becomes 
X Pd,p = f(StkNo,-) 
w 
(4.6) 
It can now be seen that in a practical impactor a sharp ideal ECD can not be defined 
due to the inclusion ofthe distribution parameter (xJw). 
The classical mathematical derivation assumes a constant uniform inlet velocity (u) 
within the impactor jet whereas in practice the entry effects for a Newtonian fluid will 
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result in a developing velocity profile across the jet width and the velocity profile will 
be a function of the Reynolds number (Re), the jet width (w) and length (I). Equation 
4.6 can now be modified to include the variation of velocity about the mean value 
x 1 Pd,p = J(StkNo,-,-,Re) (4.7) 
ww 
In cascade impactors with multiple jet arrays per impaction stage a further variation in 
the probability of deposition will occur due to non uniform pressure drop at the exit of 
each jet as the pressure at the jet outlet is a function of the jets position within the 
narrow outlet flow path resulting in a positional dependant jet velocity. 
Based on the nominal impactor design criteria, the square root of the critical Stokes 
number can be computed from the quoted ECD for each stage. The computed data in 
Table 4-3 Table 4-3includes the percentage deviation from three values, the average of 
the ACI, the ideal value of 0.47 and the mathematical derivation value of 0.5(195) 
Table 4-3 Stokes impaction numbers for the ACI with percentage deviations from three 
reference values 
StkNo Stkv" 0.47 0.5 ACI average 
Plate 0 0.19 0.44 -6.7 -12.3 -16.6 
Plate I 0.20 0.45 -5.3 -11.0 -15.3 
Plate 2 0.28 0.53 12.9 6.1 1.2 
Plate 3 0.30 0.54 15.6 8.7 3.6 
Plate 4 0.30 0.54 15.9 8.9 3.9 
Plate 5 0.33 0.57 22.1 14.8 9.5 
Plate 6 0.36 0.60 27.9 20.2 14.7 
Plate 7 0.27 0.52 10.4 3.8 -1.1 
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4.3 Distribution of impacted deposits on upper plate of the ACI 
The validity of using the deposition data obtained from the upper plates was discussed 
previously (4.1.3 .2). The purpose of the work in this section is to investigate the 
distribution of droplet impaction on the upper plate of the ACI that could further the 
understanding of the cascade impactor data. 
A previous fluid flow based review of the basic design and layout of the plate jet array 
had led to the conclusion that the flow velocity through impactor jets would be position 
dependent due to the non symmetrical flow paths present between the jet exit and the 
surface of the impaction plate(220}. If a differential pressure based velocity variation 
predicted by the design review could be verified experimentally then the validity of the 
assumptions in equation 4.7 would be established and the use of a non analytical based 
modelling solution for predicting particle deposition would be valid. 
The distribution of droplet impaction was assessed using a 134a!ethanol formulation. 
The residual ethanol was sufficient to give indication on an ethanol sensitive paper 
placed on the surface of the impaction plate. 
A 134a propellant formulation containing 25% w/w ethanol was cold transferred into 
aluminium cans and then a SpraymiserTM 50111 valve was crimped to the can using a 
bench mounted Pamasol crimper. 
Ethanol sensitive paper (Hewlett Packard, PIN 5080-8735) was cut to shape and glued, 
sensitive side up, to the upper surface of the first impaction plate (plate 0). 
The ACI was assembled, the aerosol primed to waste and five actuations of the 
formulation were dispensed into the apparatus at a flow rate of28.3 I min-'. 
Three flow conditions were assessed as follows: 
1. The ACI fitted with a standard USP inlet throat and a standard plate O. 
2. The ACI fitted with a 25 mm diameter straight vertical inlet, 300 mm in length 
and a standard plate O. 
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3. The ACI fitted with a standard USP inlet throat and a plate 0 with no central 
hole. 
Following each test the paper was removed and a new sample placed on plate 0 and the 
test repeated under the appropriate conditions. 
4.3.1 Results of the upper plate deposition study 
The results show very distinctive deposition patterns on the impaction plate and are 
associated with the ring position. In the configuration where the standard USP throat 
was used with no hole through the centre of the first impaction plate (Figure 4-13a) the 
deposition pattern for the outer ring is well defined and spherical with a heavier 
deposition than for the other jet rings. The deposition pattern gets progressively lighter 
as you move from outer ring to inner ring. The shape of the deposition pattern becomes 
more elongated and slit like in appearance for the inner 3 rings. 
In the standard ACI configuration (Figure 4-I3b) the deposition produced by flow 
through the inner ring of impact or jets is much darker than those produced by the other 
3 rings and the deposition pattern is distorted with a crescent shaped pattern with a 
heavier deposition on the inner side with the deposition becoming lighter towards the 
outer edge. The deposition pattern below the outer ring of jets is symmetrical but lighter 
than the inner ring deposition. As you move from the outer ring the deposition becomes 
lighter and distorted with the deposition pattern becoming more slit like. 
The deposition patterns for the straight inlet throat (Figure 4-13 c) are very similar to 
those ofthe standard USP inlet throat, however, the deposition patterns are darker 
indicating an increased quantity of deposition. 
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a) 
b) 
c) 
Figure 4-13 Depos ition patterns fro m plate 0, a) with no centra l hole, b) standard USP 
inlet and c) straight inlet throat with no bend. 
4.3.2 Discussion of the upper plate deposition study 
The comparison of the depos ition patterns produced by the standard US P inlet throat 
(Figure 4- l 3b) with that of a no bend inlet throat secti on (Figure 4-l3c) demonstrates 
that the deposition pattern produced is not a function of the inlet fl ow and the airflow 
disturbance resulting from the 90 degree change o f flow direction does not have an 
effect on partic le distribution. The resulting depos ition fro m the straight through inlet 
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throat is as expected higher due to the lower inertial impaction in the bend section 
allowing a greater number ofIarger droplets to reach the first impaction stage. The 
actuation of the device into the straight throat inlet (no bend) required the device to be 
primed in the normal orientation before insertion into the throat. After actuation the 
valve was retained in the fired position momentarily until the device had been removed 
prior to releasing the valve. The device was then primed in the normal orientation. 
The crescent shaped pattern to the deposition below the inner ring of jets (Figure 4-l3b 
and Figure 4-13c) can be explained by reference to a 2D CFD study for this 
configuration(197}. The CFD analysis clearly showed the velocity contours through the 
inner jets did not flow symmetrically as would be expected for an ideal impactor design 
but were curved towards the hole in the centre of the impaction plate. 
The distortion from the ideal circular deposition in all but the outer ring supports the 
assumption that performance of each jet ring will be different not only in ECD value 
due to velocity variations but also in the shape of the probability of deposition 
efficiency curve. The overall performance of any of the impactor stages will be the 
summation of these various departures from the ideal and result in a performance 
significantly different than predicted by the ideal Stokes only based assumptions. 
The inner three rings have slot like deposition patterns (Figure 4- I3a) that get lighter as 
you move towards the inner indicating a decrease in jet velocity or reduced sampling 
efficiency, which can be attributed to an increase in the pressure drop across each jet 
ring moving radially inwards across the plate from outer to inner most jet ring. This is 
caused by the cross flow in the jet outlet region when there is only one exit flow point 
around the outer edge of the impaction plate. The increasing pressure drop across the 
outer ring results in a concomitant increase in velocity and increased particle deposition 
below it 
The deposition pattern in the configuration where the central hole was removed from 
the design supports the above assumption. The outer ring retains a symmetrical 
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deposition pattern with some elliptical tendency and could result from the impingement 
of the airflow from adjacent rings. The outer ring is only restricted on the inner side of 
the jet and is therefore more symmetrical. 
The change in shape from ideal circular deposition to slot shaped depositions is due to 
the impingement of the airflow with adjacent jet rings. The inner ring also produced a 
slot shaped deposition pattern which at first would appear abnormal for this ring as 
there is no jet ring on the inner side. The flow out of the inner jet ring is however 
constrained by the flow into the central region of the impaction plate of the adjacent 
inner jets forming a stagnant low flow central region that hinders the outflow from the 
inner jet ring on that side. 
The fact that ethanol can be detected on the surface of the first impaction plate also 
serves to prove the incomplete evaporation assumption. The ethanol paper is sensitive 
to the presence of liquid ethanol only and the detection of ethanol demonstrates the 
incomplete evaporation when ethanol is used at higher levels, however, caution in the 
interpretation needs also consider that the fact that increased ethanol level decreases the 
atomisation efficiency and as such increases the size range thus increasing the 
likelihood of detection at the first stage. The cascading nature and implied time shift 
between stage sampling could lead to distortion of the data from the underlying 
distribution. Any distortion would be the result of the test method and if present would 
render interpreted particle size data invalid from a real world delivery to the lung 
scenario. 
4.4 Methodology for a Computer based model for predicting ACI deposition 
Previous ACI data had shown the distribution of particle sizes from both solution and 
suspension formulations were not well described by the lognormal distribution. 
Analysis of the design and flow characteristics of the throat of the ACI failed to account 
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for the non-linearity; however, the particle deposition based study of the upper impactor 
plates did indicate non ideal airflow patterns and deposition patterns respectively. 
Design issues in the ECD designs and overlap between stages could explain the non-
linearity. Analysis of the function of the 50% ECD shows that although a unique value 
of diameter can be assigned to the ECD, this value relates only to an experimentally 
determined nominal design that deviates significantly from the ideal. 
In the ideal impactorthe ECD would be representative of the particle depositions 
present on each stage, in reality the more the ECD deviates from the ideal the more 
complex the analysis of the deposition becomes and increases significantly in regions 
where the stage efficiency curves of adjacent stages overlap. In such cases the ideal 
ECD based analysis would not actually represent the mass distribution present on a 
plate. 
It is proposed that the actual range of particle sizes deposited on a specific plate will be 
a function of the deposition efficiency curve (calibration curve) and any potential errors 
by definition will cascade from one plate to the next. Failure to retain particles at the 
site of impaction will result in those particles impacting on a plate lower down the stack 
on a plate with a lower diameter range. Due to the complex issue of particle bounce the 
most efficient deposition is that for liquid droplets onto uncoated plates. The coating of 
plates with oils etc. is used to increase the collection efficiency of solid particulates by 
reducing the potential for bounce(221-225) 
The preceding data raises important questions regarding the functional performance of 
the ACI. In section 4.4 a model of ACI deposition will be developed based on 
numerical description of calibration curves for each ACI stage from literature data; this 
enables the analysis of discretised distributions of particle size - using discretised 
distributions means that they are not limited to specific functional forms but could 
potentially be any distribution and any size; in section 4.5 the analysis will be carried 
out for artificiallognormal distributions with mono-modal, bi- and tri-modal 
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characteristics to highlight potential problems with the ACI response. In section 4.6-
4.910gnormal distributions that are more representative of real pharmaceutical aerosols 
are analysed to highlight a range of problematic issues relating to the interpretation of 
ACI data. 
4.4.1 ACI calibration curves 
The potential solution to the problem was therefore to define a mathematical model for 
the probability of deposition for each of the impactor stages. In order to achieve this 
objective an accurate probability of deposition curve is required for each plate. Many 
calibration curves are available for the plates of the ACI including the original 
manufacturer's data (Figure 4-15). 
Based on a review of the calibration methods it was decided that for plates 2 to 6 of the 
ACI the calibration data from Rao and Whitby(185) would be the most suitable set 
available because the data was obtained under the correct flow conditions. Importantly 
the calibration curves of Rao and Whitby were considered complete as they extended 
all the way to the limits of efficiency (0 and 100%) and a range of materials were 
assessed in detail providing more fundamental information on limitation of impaction 
characteristics with respect to collection efficiencies due to the nature of the particle. 
As the data of Rao and Whitby was obtained on the Mk I ACI the upper stage 
calibrations cannot be used, because the design has subsequently changed for stages 0 
and 1. For the remaining impactor stages the best compromise between the data of 
Vaughan(J88) (figure 8.3) and Mitchell et a/(J86) was chosen based on completeness 
of the data sets presented. 
The efficiency curve defined for each plate needs to be accurate and more importantly 
account for the curvature of the calibration data points in the key regions of 0-20% and 
80-100% deposition efficiency. Initially a series of polynomials and sigmoidal 
functions were used but although the correlation coefficients appeared to give a 
sufficient fit to the calibration data, visual examination of the fitted curves showed 
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defi c ienc ies in curvature and shape in the key regions of depos ition effi ciency curve 
(Figure 4- 14). 
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Figure 4-1 5 Ca libration curves for the ACI(188) 
4.4.2 Modelling the probabili ty of deposition for each impactor p late 
The shape of th e impacto r effi ciency curves are often treated, in the data in version 
approach, as being sigmo idal in shape(226) . The literature based calibration data sets 
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were evaluated against sigmoidal curves, both symmetric and asymmetric as well as 
cumulative lognormal and other related curves. The best fit in terms of both general 
shape, curvature in the extremities of the data set and fit to the calibration data was 
found to be an exponentially modified normal distribution (EMG) equation of the 
general form. 
Where x is the diameter of the particle 
Table 4-4 the coefficients a, b, c and d for equation 4.8 by impactor stage 
Stage a b c d 
0 1.003 7.333 1.188 2.014 
1 1.001 4.558 0.676 1.473 
2 1.003 4.354 1.057 2.204 
3 1.000 3.289 0.444 0.715 
4 1.000 2.003 0.128 0,400 
5 1.000 1.166 0.104 0.073 
6 1.000 0.607 0.053 0.074 
7 1.000 0.361 0.075 0.077 
In order to avoid the potential for excessive computation and unrealistic finite 
probabilities due to tails in the shape of the deposition probability solution the 
following boundary limits were placed on the computed deposition probability solution. 
If Pd,p ~ 0.00 I then Pd,p = 0 
If Pd,p ;" 0.999 then Pd,p = 1 
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4.4.3 Results and discussion for the plate probability deposition curves 
The mathematically mode lled probability curves are shown in Figure 4-16 and co mpare 
well with the published curves in Figure 4- 15. The crossover point between plates I 
and 2 is s li ghtly offset. 
It shou ld be noted that there is an absence of good ca libration data covering a range of 
particle type and where there are data they often do not include the extremities of the 
plate effic iency. It is not clear if this is due to technical difficulties or that it is not 
deemed an important aspect because the general focus is on the mid point efficiency for 
the stage and how close it is to confirming the des ign or pharmaceutica lly quoted value. 
In the relatively new GI impactor the calibration data from the development 
conso rtium only published data for the main portion of the curves (5-10% up to 90-
95%)(22 7) . 
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Figure 4-16 tmpactor efficiency curves generated for each stage of the ACt using 
equation 4 .8. 
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Figure 4-17 Comparison of model fits to the ca libration data for plate 3 of the ACI 
Table 4-5 Computed GSD's for each of the modell ed stage impactor efficiency 
function s 
GSD 
Plate 0 1.25 
Plate 1 1.27 
Plate 2 1.4 
Plate 3 1.21 
Plate 4 1.16 
Plate 5 1.12 
Plate 6 1.13 
Plate 7 1.26 
The GSD data for each effic iency curve (Tab le 4-5) numerically demonstrates th e lack 
of consistency in the design of individual plates. As the GSD data represents the slope 
of the major portion of the efficiency curve it makes clear two important aspects, one 
there is a noteworthy difference between the GSD values for the main respi rable size 
determining plates (plates 3-6) where the GSD is < 1.22 and the upper plates (plates 0-
2) where the GSD is > 1.24. Plate 2 has the highest GSD and accounts for the significant 
crossover with plate I . The manufacturer ' s ca libration data in Figure 4-15 is based on 
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the original designs for plates 0 and 1. The shift and overlap between plates 1 and 2 is 
probably a result ofthe design change that occurred between the Mk I and Mk II ACI 
designs when the jet diameters and jet layout were changed and central holes in the 
plate 0 and 1 were introduced(188). 
From a technical perspective the use of GSD values is only applicable to the cumulative 
lognormal distribution however as previously stated the exponentially modified normal 
equation has been used. The GSD data has been presented here because historically it 
has been used to assess and compare impactor efficiency curves and the data in Figure 
4-17 plots the lognormal, sigmoid and the exponentially modified normal and all have 
similar responses over the range for which the GSD is calculated (plus and minus one 
standard deviation). Where they deviate from one another is in the regions either below 
20% or above 80%. 
A computer based methodology was developed based on the following functional steps 
1. Generate distribution (random number based) 
2. Curve fit the lognormal distribution and verifY MMAD and GSD 
3. Assign a probability (between 0 and 1) to each particle 
4. Calculate the probability of deposition on the first stage 
5. Store deposited particles in the stage array 
6. Store remainder of distribution for presentation to the next stage 
7. Assign a probability (between 0 and 1) to each remaining particle 
8. Calculate the probability of deposition on the next stage 
9. Store deposited particle in stages array 
10. Store remainder of distribution for presentation to the next stage 
11. Repeat steps 7 to 10 until all stages have been evaluated 
12. Compute filter deposition 
13. End 
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The probability (P) of an individual particle with a diameter (d), impacting or passing a 
plate is determined by a logical comparison between the particles probability and that 
determined from equation 4.8. If the probability of impaction for that diameter is 
greater it is retained and if it is lower it passes to the next stage where the process is 
repeated. 
If Pd < Pd'P,d then particle is stored in stages particle array 
If Pd ~ Pd'P.d then particle stored in aerosol array for presentation to next stage 
At the end of the computation process there is an array for each stage plus the filter, 
with each array containing the number of particles for each diameter. The diameter 
resolution was 0.01 J.U11 and therefore to store particle diameter from 0.01 J.U11 to 20 J.U11 
requires a 2000 element array. 
The characteristic long tail produced by a lognormal distribution imposes a constraint 
on the number ofIognormal particles generated to describe the specific MMAD and 
GSD. In the lognormal distribution the tail can be long but the number of particles 
small, they do however, due to their diameter, contain a significant mass and therefore 
need to be accurately represented in the model. To ensure the results were independent 
of particle number a particle count of I * I 08 was selected. 
4.4.4 Validation of the model 
The model was subjected to several validation processes to evaluate both the validity of 
the plate retention on a plate by plate basis and importantly from the pharmaceutical 
perspective the total material balance. 
The first validation step involved removing specific plates from the computation and 
checking the deposition change on the next plate in the cascade. 
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The second validation step involved checking that no particles outside the calibration 
range for a specific impaction plate were outside the range defined by the calibration 
curve for that plate. 
The third validation step involved collecting all the predicted deposition data from each 
plate summing the data together and recalculating the cumulative size distribution and 
then finally checking the summed cumulative distribution against the input distribution 
for each run. The predicted collected and summed values gave perfect agreement with 
the starting distribution thus validating the material balance and the calculation 
algorithms. 
4.5 Mono-modal and multi-modal distributions 
The computational methodology outlined above was then used to assess the variation in 
plate deposition when narrow lognormal distributed mono-modal samples were input. 
This demonstrates that particles of very narrow size distribution are not retained on a 
single ACI stage, but deposited across a number of different plates within the impactor 
stack. Three mono-modal distributions were selected each with an MMAO centred on 
one of the ideal ECO for three consecutive plates within the ACI stack. The three ACI 
plates chosen for the study were plate 2 with a ECO of 4.7 /lm, plates 3 with a ECO of 
3.3 /lm and Plate 4 with a ECO of2.1 !lm. The GSO's of the mono-modal samples 
were 1.06. 
4.5.1 Results and Discussion for mono-modal distributions 
The computational results clearly show how widely the particles from each distribution 
are spread within the impactor. The 4.7 /lm mono-disperse aerosol is spread across four 
plates, the 3.3 !lm aerosol over five plates and the 2.1 /lm aerosol over four plates 
(Figure 4-18). The relative mass fractions are given in the Table 4-6. 
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Table 4-6 Fract iona l mass plate depos itions for three mono-moda l di stributions 
2.1 11m 3.3 Jlm 4.711m 
Plate 1 0.000 0.005 0.175 
Plate 2 0.014 0.050 0.245 
Plate 3 0.001 0.182 0.474 
Plate 4 0.252 0.74 1 0. 106 
Plate 5 0.733 0.023 0.000 
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Figure 4- 18 Pl ate distributions for the three mono-moda l aerosols 
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The pharmacopoeia(2) based analys is of the plate deposition data makes the basic 
assumption that the ECDs are ideal and then app lies the undersize assumption in the 
calculation of MM AD and GSD. Plate 3 fo r example has a ECD of3.3 I1m and 
therefore based on the efficiency curve retains material above this diameter. The 
pharmacopoeia however assumes that what is depos ited on plate 3 is between the ECD 
for plate 3 (3.3 I1m) and plate 2 (4.7 I1m) . In the ca lculation(2) of MMAD and GSD the 
mass of plate 3 is plotted against 4.7 I1m and hence the term unders ize is used however 
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this is not the true upper limit of the deposition on plate 3 because the upper limit of 
4.7-!lm is based on the incorrect assumption that the ECD is ideal and in reality the 
upper limit of the particles deposited on plate 3 will be greater than 4.7 !lm. 
Applying the pharmacopoeia analogy to any ofthe mono-modal distributions would 
result in any ofthe mono-modal sample being split between the two plates either side of 
the samples MMAD. The mono-modal sample with MMAD of3.3 !lm would be split 
approximately 50:50 between plates 3 and 4. The approximation is due to lack of 
symmetry in the lognormal even for distributions with lower GSD's. The ideal 50:50 
split would be obtained only if a normally distributed sample were used. 
4.5.2 Results and discussion for a tri-modal distribution 
When the distributions from three mono-modal samples are combined (with similar 
mass for each distribution) to form a single tri·modal aerosol, the deposition modelling 
repeated and the results plotted using the pharmacopoeia methodology a significant and 
surprising result is obtained from the lognormal plot ofthe predicted deposition (Figure 
4.19). The plot and statistical analysis indicate that the aerosol is of a lognormal 
distribution (1 > 0.99) with a GSD of 1.58 and MMAD 2.93 
The fact that a tri-modal aerosol can give rise to a lognormal solution raises questions 
regarding the interpretation of particle size and distribution data generated by the ACI 
irrespective of the apparent fit to the lognormal assumption. The very narrow mono-
modal and tri-modal distributions are just extreme examples where things can go wrong 
with relatively little practical importance; it is anyhow not realistic to expect the ACI to 
be able to determine the tri-modal distribution; ACI acts as a sieve and cannot be 
expected to capture details of distributions that are happening in between different sieve 
trays (only more trays/stages would resolve these aspects). 
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Figure 4-19 Log probability plot for tri-modal aerosol 
The original three mono-sized distributions have GSD smaller than each of the plates 
and they do not overlap; the filtering process in the ACI (even the assumed ideal ECD 
filtering) can never capture details of the input distribution with size differences smaller 
than the ECD point distance between the plates: i.e. if you make the three mono-modal 
distributions progressively smoother by increasing their GSD the ACI would initially 
not notice anything until the distributions were so wide that some material was retained 
on higher or lower plates. 
4.6 Computational modelling of aerosol distributions 
A total of four lognormal sample distributions were computed and each checked for 
conformance to a lognormal distribution and the MMAD and GSD of each determined. 
The distributions were chosen to represent different particle sizes covering the range 
MMAD normally found in commercial inhalation products. The smallest with an 
MMAD of 1.45 (sample I) represents the lower end of the product spectrum (typical 
solution based formulation) and that with an MMAD of5.0 (sample 4) represents a 
product on the borderline for acceptable inhalation characteristics (acceptable respirable 
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particle size). The other two aerosols with MMAD's of2 and 3 !lm were chosen to 
represent the range covered by good quality commercial suspension products. The GSD 
was selected to increase with increasing MMAD. The four sample distributions were 
then input to the computer program and the deposition on each plate calculated. 
4.6.1 Results and discussion for typical log normal distributions 
The depositions from each plate were analysed using the standard pharmaceutical 
method of plotting cumulative percentage against the predefined ECDs(2). The process 
was repeated for each of four samples and the data tabulated. The standard analysis 
showed all distributions to be lognormal as can be interpreted from the ACI correction 
values in Table 4-7. 
Table 4-7 Data for generated distributions and the corresponding results from the ACI 
simulation using computed calibration data and *Corrected(7) 
Sample 1 Sample2 Sample3 Sample4 
MMAD GSD MMAD GSD MMAD GSD MMAD GSD 
Input 1.45 1.3 2.0 1.4 3.0 1.5 5.0 2.0 
ACI 1.4 1.39 1.98 1.45 2.94 1.55 4.72 2.02 
ACI* 1.33 1.21 1.81 1.33 2.58 1.53 4.61 2.19 
The cumulative distribution data from each plate of the model1ed data was analysed 
separately and tabulated below. The simulated ACI data under predicts the MMAD 
with the degree of under prediction increasing with increasing MMAD. The non linear 
correction method of Thiel consistently increases the under-correction for MMAD with 
all results showing a decrease in MMAD compared to the predicted ACI values on 
which the correction is based. 
The consistent under prediction is surprising given the undersize assumption made for 
the plate groupings that was previously highlighted in section 4.5.1. To investigate this 
further the MMAD of the size distribution computed to be retained on each plate was 
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compared with the values designated in the pharmacopoeia plot based method in Table 
4-8. 
Table 4-8 Comparison of the MMAD determined for each plate against the values 
stated in the pharmacopoeia for each of the lognormal distributions analysed 
ECD SamPle I Sample 2 Sample 3 Sample 4 
MMAD 1.45 2.0 3.0 5.0 
GSD 1.3 1.4 1.5 2.0 
Plate 0 9.0 
-
5.57 7.90 11.55 
Plate I 5.6 3.19 4.64 5.63 6.85 
Plate 2 4.7 2.36 3.55 4.59 5.38 
Plate 3 3.3 3.00 3.64 4.15 4.51 
Plate 4 2.1 2.33 2.65 2.98 3.14 
Plate 5 l.l 1.50 1.76 1.96 1.88 
Plate 6 0.7 1.02 1.03 1.04 0.96 
Plate 7 0.4 0.75 0.73 0.73 0.63 
Filter 
- 0.61 0.59 0.57 0.45 
The MMAD for plate 0 of sample I could not be calculated as there was insufficient 
data (too few particles) due to the narrow particle size distribution (GSD 1.3). In 
sample I the MMAD is relatively small and very little material is deposited on the 
upper plates. The design overlap between plate I and 2 ensures that most of the larger 
particles are collected on plate 2 and the fact that only the lower end of plate 2' s 
deposition efficiency is being used can be judged by the cumulative analysis performed 
on this plate. The MMAD (2.36 ,.un) is significantly below the designated cut diameter 
for this plate and significantly lower than forthe value of the next plate (5.6,.un) in the 
cascade series against which this mass will be plotted in the standard percent undersize 
analysis. 
The cumulative particle size data for each plate was analysed for fit to a lognormal 
distribution and to a first approximation the data is lognormal (correlation coefficient, 
>0.99) however visual examination of the individual plate data shows that while some 
of the plate depositions approached a cumulative lognormal most were not because the 
plate deposition is a complex interaction function of the collection efficiency of the 
plates and the distorted input distribution reaching it (Figure 4-20). 
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Figure 4-20 Re lative mass distributi ons on Plate 5 of the AC I for the four lognorm al 
distributions 
The results clearly indicate that the mass med ian value of a plate deposit ion can vary 
significantly from the des ignated ECO and the ECO va lue is a function of the 
distribution being tested. The effect is clearly demonstrated in Figure 4-20 where the 
re lati ve d istri butions for each of the fo ur lognormal samples fro m plate 5 are compared. 
It can be seen that not only are the MMAO ' s di ffe rent (Tab le 4-8) but a lso the shape of 
the depos ited mass di str ibuti on shows s ignificant variation and none are lognorm al a 
fac t most notable in sample 4. The pharm acopoeia based analys is results show 
inconsistency in both MMAO and GSO when compared to the parameters o f the input 
aerosol used to model the depos ition. 
The modelling results highlight some interesting aspects in the ana lysis methods used 
to assess the pharmaceut ical perfo rmance of inhalation prod ucts. It demonstrates that 
the cascade impactor has an inherent capacity to see all broadl y distributed aeroso ls as 
approx imate ly lognorm al. This is most li ke ly due to a combination of irregula rly 
spaced ECOs, non ideal efficiency curves and non ideal overlapping effi ciency curves . 
The effect is perfectly illust rated by the tri-modal distri bution that on convent iona l 
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analysis looks to be a perfect lognormal distribution because the data is effectively 
spread across many plates. 
The results of the modelling clearly show the significant error that can result from 
assuming the fixed ECD values for the plates when analysing the data using the percent 
undersize methodology recommended in the pharmacopoeia. The results show how 
dependent the ECD values are on the distribution of the aerosol being tested and the 
need to account for this if the results are to approximate to the true aerosol parameters 
and allow comparison of cascade size data with that generated from other instrumental 
techniques. 
From the design standpoint the 50% cumulative mass on a plate will be a function of 
the distribution being tested. The problem can best be explained by reference to a 
specific example. Consider in the first instance an impactor with a single plate. If the 
particle size distribution being tested has an upper particle size equal to the ECD ofthe 
impactor plate, only particles of the lower part of the impactor plates collection range 
will be collected and the cumulative mass on the plate will be well below the ECD, if 
this process is then applied to a multiple plate impactor system, then the values against 
which the particle size distribution will be plotted and the particle size of the sample 
subsequently used in calculations will be incorrect. This is best demonstrated by a 
comparison of the actual particle size values from the modelling using plate 1 data. 
In the standard percent undersize pharmacopoeia based method the data from plate 1 is 
plotted against the ECD of the plate above (plate 0) which as a designated value of9.0-
Ilm whereas the model analysis shows the actual means to be 3.19, 4.64, 5.63 and 6.85 
Ilm respectively. Plotting these points will significantly distort the resulting cumulative 
lognorrnal analysis because data at the extreme of the regression analysis have the 
biggest impact on the correlation coefficient and the calculated MMAD and GSD will 
be distorted(228) by their inclusion. It would be prudent to eliminate from the analysis 
data for plates where low masses are collected to avoid such distortions. 
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4.7 Analysis of the bi-modal tendency in ACI data 
There are a number of instances in the literature where the data interpretation of ACI 
data has led to the conclusion that the aerosol distribution being tested has a bi-modal 
distribution(229. 230). The objective of this study is to show how this bi-modal 
indication may be attributable to design flaws and methods used in data interpretation 
of ACI based tests 
4.7.1 Experimental 
The experimental data is a re-interpretation of the data previously used for the analysis 
of plate depositions in the preceding section. In this analysis we are only interested in 
the interpretation of mass distributions seen in the ACI data. The analysis conducted 
here therefore is similar to that used in the presentation of ACI data where only the 
mass of drug per plate is known. 
4.7.2 Results of the bi-modal anomaly 
The data from the 4 sample lognormal distributions (section 4.6) is plotted as the mass 
per plate (Figure 4-21). The mass on each plate is calculated from the summation of all 
particles deposited on the plate (equation 4.9) and is based on the particle size range, 
number, density and volume of the deposition. 
'.dm" 4 [d]3 Mass=p L n,-IT-L 
i=d
min 3 2 
Where d is particle diameter and p is particle density. 
(4.9) 
The mass data is plotted as the mass deposited per plate versus plate number to match 
the literature based format(229. 230) where the data is plotted as either mass or 
percentage mass. 
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Figure 4-21 Percentage mass deposited per ACI plate for the 4 mono-moda l lognormal 
distributions 
4.7.3 Discussion of the bi-modal anomaly 
The modelled deposition data fro m the fo ur mono-modal lognormal in put di stributions 
(Figure 4-21) clearly demonstrates how easily an incorrect conclusion regardin g the 
modality of the AC I data can be drawn. The data for both lognormal samples 3 and 4 
appear to have a second peak in the plate data above plate 2. 
The input data in all cases is known to be mono-modal and it can therefore be 
concluded that the appearance of the second peak is an artefact of the test and does not 
result from the aeroso l input to the system . The appearance of the second peak is 
assoc iated with the s ignificant overlap and departure from idealistic plate effici ency 
curves. The overlap in efficiencies results in an unequal di stribution of mass in the 
upper plates with a noticeable overlap between plate 2 and those preceding it in the ACI 
stack with the resul t th at as eithe r the MMAD or GSD increases the proportion of larger 
particle size and increases the bi-modal appearance of the data as can be judge as you 
move from sample I through to sample 4. 
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The effect seen here is independent of any other particle/droplet size factors such as 
droplet evaporation rate. If the evaporation rate of a formulation is low then it is 
possible that due to the cascading time sequence present in the ACI the appearance of 
the bi-modal effect may be enhanced because of the increased longevity of larger 
droplets further distorting the deposition pattern due to increased deposition on the 
upper plates. 
The basic problem is the overlap that exists between the upper plates and the 
fundamental design issue this raises. Once the issue is recognised it is possible for the 
data analysts to be aware of the limitations of the test method and to provide a suitable 
caveat to any data interpretation. 
The mass of the deposition on plate 0 for all the samples modelled were in practice 
lower than the values seen in the actual ACI data (section 4.1). This could be due to the 
characteristics of the specific calibration curve used in the model development. It could 
also be due to other factors such as evaporation rate and the time dependant effect of 
incomplete evaporation of droplets or momentum that is transferred from the pMDI 
spray which raises the velocity of the particles reaching the first impactor stage. 
4.8 Potential limitations to the MMAD and GSD determined from USP 
throat 
4.8.1 Introduction 
The data generated from ACI testing is intended to give information on the respirable 
performance of the product. The GSD parameter is used to determine the upper and 
lower limits of the particle size, however the GSD is not, when compared to the more 
familiar standard deviation, an easy parameter to utilise regarding the outer limits of the 
distribution. The standard deviation can be used to assess the range of the distribution 
without reference to a central tendency measures such the mean, median etc. 
The GSD can only be used to assess the distribution range when the associated 
geometric mean is also known. The data in table 4.3 shows the GSD for the ACI plate 
efficiencies demonstrates very similar GSD values for all the plate efficiencies. Plates 0 
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and 7 have almost identical GSD's but whereas plate 7 has a total deposition range of 
<0.6 ).tm, plate 0 has a deposition range> 13 J.lffi. The accurate determination of both 
MMAD and GSD is critical in determining the true particle size distribution. The 
design of the USP throat and the resultant inertial based deposition potentially truncates 
the input distribution and distorts the resultant analysis. 
The objective therefore is to defme the range of both MMAD and GSD outside of 
which the determined values could be considered to be in error. 
4.8.2 Methodology 
The lognormal probability distribution function is defined(7) by 
f(x,p.,a)= _1_exp{_[(ln(x)~p.)2]} 
a.[i; 2a (4.10) 
Where x is the particle diameter, ).t and 0' are the natural logarithms of the mean particle 
diameter and its standard deviation respectively and the upper and lower 3 cs confidence 
intervals are defined as 
4.8.3 Results and discussion 
Lower =.!!... 
a' 
Upper = p.a' 
(4.11) 
(4.12) 
The ECD efficiency of the USP inlet will have a significant influence on the range of 
particles reaching the impactor stages and the resultant value of MMAD and GSD 
determined from ACI analysis. 
There is limited literature data for the efficiency of the USP inlet and not all data is 
determined for a flow rate of28.3 I min· l . In previous modelling the ECD efficiency 
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was assumed to be 20 ~m (l88) and for a fl ow rate of60 I min- I as 12 ~n (23 1) and 
would equate to 17.5 ~m at 28.3 I min-I(16) . Stokes based ca lculations, assuming a 
critica l Stokes value app li cab le to that ofa round impactor jet (0.47), gives a value 
closer to 28 ~m . 
The data in Figure 4-22 is a contour plot for a matrix of MMAD (1-6 ~) and GSD ( 1-
3 fun) va lues and defines the boundary where the throat efficiency begins to impact on 
the computed values due to truncation of the lognormal di stribution. The white zone 
indicates combinations of MMAD and GSD for which the lognormal distribution is 
truncated assuming a 20fun ECD for th e US P throat (20 ~m is a literature based value 
and there is no detailed data on th e overa ll efficiency or shape of the efficiency curve). 
In the analysis an ideal effic iency has been assu med. 
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Figu re 4-22 Contour plots of MMAD aga inst GSD with upper di stribution contour 
limits of 10 and 20 ~m for throat ECD. 
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The relatively high ex it thru st of the spray emitted from a pMDI(l4/) will raise the 
total fl ow velocity and therefore increase the particle Stokes number and decrease the 
effect ive ECD. 
Any aeroso l with an upper range that exceeds the ECD of the inlet section will result in 
a truncated di stribution reaching the plates of the AC I and any calculations based on the 
truncated data wi ll be in error as no assessment or correction of the lost data can be 
made. 
The data presented in Figure 4-22 indicates that much of the pub li shed aeroso l data(7) 
is somewhat unreliable as many of the analysed products have combination of MM A D 
and GSD that fa ll outside the boundary limit defi ned by the 20 )lm contour. For 
products based on pMDl 's with hi gh vapour pressure formulations and larger ex it 
orifices the increased spray momentum may we ll lower the ECD of the inlet 
significantly and may we ll approach or fal l below th e 10 )lm contour. 
It is not poss ible to use the deposition level in the throat as an indicator of ECD because 
the throat deposition is a function of many deposit ion mechan isms. Apart from the 
s imple inertial mechanism it is well known that other deposition modes based on 
electrostat ics, additional spray induced momentum, geometrical constraints and 
turbu lence exist to furt her comp licate the analys is of tota l throat depos ition however the 
throat depos ition will increase due to momentum transfer from the spray plume and if 
the throat deposition ECD approaches 10 um then 20% of the upper di stri bution in 
Figure 4-23 wi ll be lost and the resu ltant MMAD and GS D will be reduced to 2.9 and 
2.2 respectively as shown in Figu re 4-24. 
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Figure 4-23 th e number, mass and cum ulative mass for an aeroso l with an MM AD of 4 
and GS D of2. 
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Figure 4-24 Log probability plot of a lognorm al distribution truncated at I 0 ~m . The 
input di stribution had an MMA D = 4 and a GS D = 2.5 (fi gure 4.2 1), the truncated 
d istribution appears lognormal with an MMAD of2.9 and a GS D of2.2 
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The GS D va lues determined fo r narrow ly di stributed mono-modal input samples (Table 
4-9) shows c learly the limitations of the ACI with respect to accurate determination of 
the true GS D when the input materials have narrow GSD ' s (1.05) the increased 
diffusion of panicles across numerous plates results in va lues ranged from 1.22 to 1.3 8 . 
Table 4-9 GS D data determined fro m the ACI modelling of the mono-modal 
distributions 
Mono-modal MMAD 2. I~m 3 .3~ 4.7~ 
GS D input 1.05 1.05 1.05 
GSD measured 1.31 1.3 8 J.?2 
Is it worth noting that the potential panicle filterin g that happens in the US P th roat 
tends to flatter coa rser parti cle size distribut ions by mov in g their MMAD s ignificantly 
downwards compared with fi ner part ic le s ize distributions which are unaffected and the 
ACI ana lys is repon s a GS D that is higher th an the actual GSD fo r very narrow mono-
modal size di stributions which is a des irable attribute for targeted delivery. 
4.9 Limitations of the lognormal assumption 
4.9.1 Introduction 
Although the pharmacopoeia states where appropriate the MMAD and GSD s hould be 
determined there is no guidance as to what is appropriate with the resu lt that the 
lognormal distribution is nearl y always assumed in published data and MMAD and 
GS D val ues are regularly determined and quoted . In the non linear regression for a 
better fit to the lognormal (7) the MMAD and GS D are computed even in cases wh ere 
the corre latio n coefficient (r) is unacceptab ly low and the assumption of a lognormal 
di stribution is clearly inappropriate. 
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The objective of this study is to demonstrate the lack of sensitiv ity in th e cumulative 
lognormal probabili ty plot methodology and how inappropriate the cumulati ve 
lognormal assumption can be in the analys is of aerosol di stributions. 
4.9.2. Experimental 
In the data analys is method used here th e ECDs of the AC l are assumed to be ideal as 
defined in the pharm acopoeia. The input distri butions considered here were as broad as 
poss ible and defined as fo llows 
I. Constant particle nu mber at each diameter with in the AC l range 
2. Constant mass at each d iameter with in the ACl range 
The particle size range used in the study was 0-1 0 Ilm; the upper limit of 10 Ilm is due 
to the percent under size ca lculati on which results in the materi al depos ited on plate 0 
not bei ng used in the log probab ility analysis. 
4.9.3. Results 
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Figure 4-25 log probabili ty (probit) plot for input sample aerosol sample of constant 
mass di stri bution (un iform mass at each aeroso l part icle diameter) 
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Fi gure 4-26 log probability plot For an input aeroso l sample with a constant number 
distribution 
4.9.4 Discussion 
It is very s ignificant that both probabili ty plots (Figure 4-25 and Fi gure 4-26) appear to 
fit the lognorm al d istr ibution reasonab ly we ll given that neither of the input 
distributions are even c lose to lognormal. It is even more significant when the results 
are compared to the fi t characteri st ics published fo r a wide range of inha lation 
products(7) . The corre lat ion coe ffi c ient for the constant number distribution is greater 
th an all but two of the 22 inhalation products assessed and th e constant mass greater 
than 17 of the 22 products. 
The fact that these non lognormal distributions give very good correlations should 
so und a cautionary note to a ll in the inhalation fi eld . Before making an assumption 
about the distribution one should obtain data from other test methods such as APS, 
Laser di ffract ion, PDA to bener assess the true nature of the di stri but ion before drawing 
conclus ions about the nature of the distribution. 
The va lidity o f the correlation is significant when cons iderin g the determination of both 
the MMAD and GS D for the inhalation prod uct. In the anal ys is of cascade impactor 
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data it is important to determine the significance of outer data points which are based 
on low levels of probability. The o uter data po ints can have a s ignificant effect on the 
regress ion line and the subseq uently determined MMAD and GSD(228). 
4.10 Suspension formulation stability and impactor plate bounce 
4.10.1 Introduction 
In section 4.I.the ACI data for a suspension formulat ion showed no change in the 
MMAD as a functio n of the actuator exit orifice diameter. The time dependant stability 
ofsu pension formu lations was a lso discussed. The significance of impact or plate 
bounce was a lso raised in the discussion and the impact this could have on the 
interpretation of parti cle size data. In order to answer some of these questi ons an 
add itional study was added with the objective of furt her eva luate the significance of 
these critical aspects. 
4.10.2 Method 
A suspension formulation that was known to undergo a s light sh ift in the MMAD on 
storage at 40°C was tested usi ng a range of exit orifice diameters. The shift in particle 
size was due to a degree of particle agglomeration. The agglomerates formed were not 
permanent and could be broken up by low level ultrasonic agitation. If the agitation was 
carried for a sufficient period the particle size of the aged formulat ion once again 
approach that of the starting material. 
The actuators used were standard Autohale rTM actuators with exit orifice diameters of 
0.22, 0.28 and 0.4 mm . 
The units were tested using the standard APS coup led to the 3306 impactor unit fitted 
with a standard US P inlet throat operating at a flow rate of28.3 I min·1 
For a compari son of particle bounce a placebo formulation containing a blue dye to aid 
visual inspection was used. The blue dye aerosol used the same components as the 
suspensio n formulation (can, valve, propellant) but the dye was di ssolved in eth anol 
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(8%w/w propellant) before being cold transferred to the propellant to give a 100 fl g per 
actuation so lution aeroso l. The blue dye aerosol was tested usi ng the 0.4 mm ex it 
orifice diameter actuator detailed above. 
4.10.3 Results and discussion 
The particle s ize data in Table 4-1 0 show two important facts, one that the measured 
panicle size is independent of the orifice size used in the testing and the other that 
difference between the aged and un-aged suspens ion formu lat ion is consistent and 
reproducible. 
It can be concl uded that the exit orifi ce size does not s ignificantly a lter the panicle s ize 
of a suspension even where the increase in size is due to low level particle 
agglomeration . 
Table 4-10 MMAD for aged and un-aged suspension formulation using 3 ex it orifice 
diameters. 
Exit orifice diameter MMAD (i nit ial) MMAD (stored @ 40C) 
0.22mm 2.87flm 3.12flm 
0.28mm 2.87flm 3. 13 1lm 
0.40mm 2.86flm 3. 131lm 
The surface of the impaction plate of the APS 3306 impactor unit was vi suall y 
in spected after testing with the O.4mm diameter ex it orifice for the aged, un- aged 
suspension fo rmulation and blue dye so lution aeroso l formulation. 
The deposition pattern found on the impaction plate for the blue dye aerosol showed the 
expected deposition pattern. The deposition pattern was e lliptical not round and o f a 
si milar diameter to the impactor jet. The depos ition pattern for the suspension 
formu lat ion was visually the same for both the aged and un-aged units. The deposition 
pattern was e lliptical and much larger th an the impactor jet and there was add itiona l 
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material depos ited outs ide the impaction zone ind icatin g a s igni fi cant leve l of parti cle 
bounce. The de pos ition outs ide the norm al impaction zone form s a ' V ' shape 
depos ition patte rn in Figure 4-27. 
Figure 4-27 Impaction deposit ion pattern for suspension fo rmulation 
Figure 4-28 Impaction deposition pattern fo r so lution formulation 
Although the suspension fo rmul ation conta ins less ethanol than the solut ion 
fo rm ulation the part icle s ize is larger due to the size of the suspended drug pa rt icles. 
The MMAD of th e so lution fo rmul ation is approx imately I I1m whereas the 
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suspensions averages out at 3 ~m and therefore contains a greater proportion of 
particles above the ECD of the 3306 impaction stage (4.7 ~m) . The large deposition 
seen in Figure 4-27 required only 4 actuati ons o f the aeroso l whereas the depos ition in 
Figure 4-28 required 15 actuations of the solution fo rmul ation. The blue dye was used 
to give suffic ient contrast to en hance the visual deposition of the so lution formulation 
because of the fineness of the deposition fro m the so lution fo rmulation. 
The results presented here show that particle bounce was independent o f the 
formul ation, va lve and actuator and was a function of the particle characteri stics. The 
ACl data for th e form ulation is shown in A.X AC l data for a formul ation showing 
bounce in the APS. 
4.11 Conclusions 
>- Lognorm al plots of the mass depos ited in AC l for suspension and so lution 
formulations show varyi ng degrees of departure from the ideal lognormal 
response. 
>- The MMAD interpreted from ACl deposition data for both suspension and 
so lution formulations did not show any dependence on ex it orifice diamete r 
whereas the throat deposition (balli stic fract ion) did increase with increas ing 
orifice d iameter. 
>- Computati onal modelling of the ACl stage deposition has shown the s tage 
deposition is a function of the input distribution. 
>- Important differences were seen between the MMAD and GS D of the input 
material and the MMAD and GSD data interpreted fro m the computer based 
predicti on. 
>- The fixed pharmacopoeia based EC D ana lys is methodology has the potential to 
significantly distort the log probability plot because the mean of the material 
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depos ited on plates can be considerably different from those defined in the 
pharmacopoe ia . In the 4 samples analysed the MMAD of the material on plate I 
was 3.19, 4.64,5.63 and 6.85 flm yet when analysed by the pharmacopoe ia 
method the masses associated with these MMAD' s would be plotted against the 
fixed va lue o f9 flffi . 
> The upper plates of the AC I contain mass data with very unreliabl e size 
characterist ics and these are primarily due to combinat ion of poor design, 
overlapping stage performances and momentum effects. 
> When the quantity of drug depos ition on an ACI plate is low it can be used as 
an indication that the mean particle s ize on the plate wi ll be s ignificantly 
different from the designated mean fo r the plate. It can therefore be used as a 
justification for the removal of the plate data from any ca lculations made to 
determine the MMAD and GSD because the sizi ng accuracy of these deposits is 
lim ited and tends to di tort the true lognormal trend. 
> The GSD value determined from ACI data is limited at the upper end of the 
ran ge by the dynamic ran ge of the AC I and at the lower end by non ideal ECDs, 
overlapping plate efficiencies and plate spac in g. 
> The non linear correction methodology proposed by Thiel was found to be 
unreliab le in correcting the ACI data and tended to further reduce the MMAD 
below that determined by the ACI and further from the true MMAD of the input 
material. 
> When evaluated with a tri-modal di stribution the computed AC I data using the 
standard pharmaceutical methodology tends to the mono-moda l lognormal 
because of the particle diffusion induced by the non ideal cut characteristics, 
overlapping efficiencies and because th e tri-modal distribution maxim ises the 
spread of data via the spacing of the individua l mono-modal peaks. 
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~ The ACI modelling has shown how data from the AC I can be interpreted as 
being bi-modal whereas in rea lity this is purely an anoma ly created by the shape 
and spacing of the stage efficiencies. The bi-modal nature to the data 
interpretat ion will be increased by any momentum induced deposition on the 
upper plates and incomplete droplet evaporation. 
~ Any AC I based partic le distribution analysis where the combination of MMAD 
and GSD that predict upper particle limits above the 20 ).tm boundary must be 
viewed with caution and any data obtained from pMDI 's with large ex it orifice 
diameters then the upper limit for the distr ibution should be reduced to th e range 
defined by the 10 ).tm to 20 ).tm contour of figure 4.20. 
~ The reasonable fit to a lognormal has been show to app ly fo r constant mass and 
constant number input distributions. The characteristics of these input 
distributions do not resem ble those of a lognormal di stribution and this fact 
coupled with the tendency for all distributions tested in the ACI model tend to a 
lognormal and it can be concluded that a significant justification wou ld be 
req uired to ascertain the lognonnal assumption and the use o f calcu lated 
MMAD and GSD if the cumulative lognormal correlation is less than 0.95 
~ The data points at the extreme of the cumulative lognormal plot have a greater 
potential to influence the determination of the aerosols MMAD and GSD and to 
decrease the correlation coefficient. 
~ Particle deposition studies in the upper stage of the AC I have shown variations 
in the level of deposition and non symmetri ca l depos ition patterns for the inner 
3 rings. The variations in depos ition make evident the design flaws in the jet 
plate design where there is potential for impingement of airflows in the inn er 
rings producing elongated depos itions and distortion of the streamlines from th e 
inner ring towards the hole in the impaction plate. The increased depos ition 
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pattern seen under the inner jet ring cou ld indicate deposition due to non ideal 
flow mechanisms such as an increased deposition due to momentum . Any 
momentum based effect will also induce a non linear distortion due to the out o f 
phase arriva l of particles at the first stage of the AC I due to the phase separation 
of pressure wave and particle based time of flight through the throat section. 
» Any determination of a MMAD and GSD should be supported by another 
measurement techno logy to independently prove the validity of the lognormal 
assumption. 
4.12 Questions that require further investigation 
» What is the true distribution shape of solut ion and suspension formulations? 
» What is the filtering process in the US P throat? 
» Would an alternative throat des ign aid the process of defining understanding? 
» What is the initial droplet size and di stribution? 
» Are there non-ideal fl ow design issues with the plate design and layout in the 
AC I and can they be quantified? 
In an attempt to answer the questions raised above a series of additiona l set o f 
experimental too ls and techniques together with additional computer modelling 
techniques were required . These include the APS for aerodynamic diameter, PDA fo r 
droplet analysis close to the exit orifice, CFD for flow analysis of the AC I and US P 
throat and computational modelling for droplet evaporation, initial droplet size and 
correlation to the Clark atomisation model. 
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5. Measurement of Particle Size Distributions using 
APS and PDA 
5.1 Introduction and Obj ectives 
For the results to be acceptab le to the inhalation pharmaceutical commun ity the particle 
s ize data must be from sources that are acceptable to and understood by the industry. 
Currently the measurement method of cho ice fo r the study of product inhalat ion 
performance and depos ition patterns is the cascade impactor . Techniques such as A PS, 
PDA and laser diffraction have been w idely applied to the study o f sprays(J5, 157,214, 
232-238), but th e pharm aceut ical industry will always view these instruments with 
some degree of scepticism as cascade impactor data is the fo undation for inhalati on 
product knowledge, product development, regulatory subm ission data as well as 
product and process understandin g. A rigorous study usin g identical inhaler devices and 
form ul ations enables a comparison between pa rt ic le s ize distributions measured us in g 
the AC I, APS and PDA techn iques. Furtherm ore, a carefu l analysis o f th e results can 
yie ld im portant cl ues relating to the atomisation processes. 
It was shown in the preliminary im pactor stud ies (section 4. 1) that the parti cle size 
distr ibution of a so lution or a suspension fo rmulat ion ex hibited departu res from a 
lognonnal distr ibuti on when analysed by the ACI usin g the method defin ed in the 
pharmacopoeia guidelines. Whilst thi s is not a surpri se for a suspensio n fo rmulation, it 
is fo r a solution product where the size distribution is very much a function of the 
atomisation process and previous workers have shown fits to e ither lognorma l or Rosin 
Ramm ler type di stributions(4-7) and the regulatory guid elines indicate the use of a 
lognormal based analysis unless otherwise justified(2). 
The question is now ra ised as to whether the AC I output can actua lly g ive useful 
indications of the effects of changes in the device and fo rmulation variables. Moreover, 
the US P throat was known to d istort the particle s ize distribution by filterin g out 
substantial quantities of the larger particles and th e ECD for the USP throat has not 
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been quantified however a ECD of20 flm was assumed by Vaughan(188) This makes it 
more difficult to lin k ACI particle size di str ibutions to the atomisation mechani sm. In 
order to address these iss ues partic le size di stributions were measured usin g an 
Aerodynamic Particle Sizer (APS) and a limited study was carried out using Phase-
Dopp ler Anemometry (PDA). To investi gate this issue particle s ize distributions were 
meas ured with the APS using (i) a USP throat and (ii) an enlarged inlet designed to 
avoid di rect impaction of the larger part icle s ize fraction (20 flm and above) if present 
in the pMDI aeroso ls. 
The use of non vo lati le co-so lvent and other additi ves have been shown to mod ulate the 
spray characteri stics and influence the size of the resultant residual droplets(J65, 166, 
239, 240). The size of the residua l droplet and th e influence of ethano l leve l on throat 
depos ition have also been shown (190, 192, 241) The study presented here will focus on 
prope llant 134a with ethanol as a co-solve nt. The selection of this system is based on 
the principles of limiti ng the pressure variation in the formulation whilst also giving 
greater control on the non flashing component of the formulation. 
The incl usion of ethanol into the fo rmulati on does not reduce the vapour pressure of the 
mi xture as rapidly as predicted by Raoult's law(162) of an ideal solution is dependant 
on the mole fraction of the components. In mixtures of propellant 134a and ethano l 
there is a significant and positive departure fro m the law(J62) The plot shows the 
vapour pressure aga inst percent weight for weight ethanol in 134a. The plot shows that 
th e vapour pressure does not change significantly between 8 and 30 % w/w ethano l 
(Figure 5-1). 
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Vapour Pressure (gauge) 134a and Ethanol 
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Figure 5-1 Saturated vapour pressure for mixtures of propellant 134a and ethanol (taken 
from EP55003 1, Hoechst AG now Solvay) 
The inclusion of ethanol also serves a second function. In previous studies it has been 
assumed that a very high degree of fl ash ing occurs in the expansion chamber of the 
actuator during drug delivery(4}. The inclusion of a relative ly non-volatile li quid 
component places a defi nable lower limit on the vo id fraction that can be generated 
during the passage of the formulation as it fl ows through the actuator because this 
component is a lways in the liquid form and does not contribute to the vapour vo lume. 
Experimental methods and results from the following investigations are reported in th is 
chapter: 
• Effect of dev ice (section 5.3): particle size di stributions measured with A PS for 
actuators with diameter 0.22 mm and 0.5 mm in conjunction with the US P 
throat (stand ard ACI inlet port) 
157 
Chapter 5 Measurement of particle s ize distributions using APS and PDA 
• Effect of inlet pon (section 5.4): Partic le size di stributions measured with APS 
for actuators with diameter 0.22 mm and 0.5 mm in conjunction with a large 
inlet port des igned to minimise direct impaction of large particles 
• Effect of presence of inlet port/direct measurement of initial aerosol (secti on 
5.5): particle/drop size distributi ons directly downstream from the actuator at a 
distance of70 mm using PDA . 
• Effect of formu lation (section 5.8): panicle size distributions measured with 
APS for form ulations with ethanol co-so lvent content varying between 8% and 
48% w/w fo r actuators with diameter 0.22 mm and 0.5 mm in conjunction with 
the US P throat and large inlet. 
• Effect of formulation (section 5.9): distributions measu red with APS fo r 
suspension formulation for actuators with diameter 0.22 mm and 0.5 mm in 
conj unction with the USP throat and large inlet. 
5.1.1 The use of Particle sizing parameters 
The primary measure for the mean particle size will be MMAD and the di stributi on 
parameter, GSD. Whil st these two parameters a re favo ured by the pharmaceutical 
industry they are not robust measurements in sampled aeroso l techniques. In sampling 
based measurement techniques like the APS a few large particle can skew the data 
significantly because o f the mass based cumula tive ca lcu lation. Due to this limitation 
the particle s ize was also calculated us ing more conventional and widely used particle 
size parameters that are based on the calculatio n of an arithm etic mean we ighted by a 
facto r such as number, surface or vo lume. One of the most widely used parameters in 
the study of sprays is the Sauter mean diamete r (D12)' There are a series of mean based 
diameters that can be used in the characterisation of panicle sizes, num ber (D IO), 
surface (D2o) and volume (D30) are a few and are derived fro m the genera l form ; 
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[
IT lC~J Dm - , 
1=1 
Dm,,= ID; 
/=1 
(5. I) 
For D I 0 m = I and n = 0, for D30 m = 3 and n = 0 and for D32 m = 3 and n = 2 
The GSD is a measure of the spread in a lognormal di stribution and is the slope of the 
best fit line between the plus and minus one standard dev iation points. Due to the 
scaling factor on the droplet volume ca lculati on fo r the evaporation process the GSD 
fo r the res idual particles, will be the same as that for the droplets prior to the 
evaporation process(192). The GS D will not change between droplet fo rmation 
immediately after the atomisation process has ceased and the final full y evaporated 
res idual. 
The use of number based mean diameters can have little meaning when assessing pMDI 
atomisation because the large number of small particles present, biases the mean to the 
low end of the di stribution, effecti ve ly nulli fYi ng the in fl uence of any large particles on 
the ca lculated mean. To take th is bias into account the vol ume mean diameter (0 30) wi ll 
also be calculated in para llel to the MMAD data because the dose of drug received is in 
terms of its mass or vo lume, if density is constant, a better ind ication of the mean size 
that is we ighted by the re lative contribution to the drug dose represented by each 
particle. 
5.1.2 Effect of Formulation 
The selection of a propellant system is crucial in obtaining a better understanding of the 
processes involved in the atomisati on during actuati on of the pMDI. Clark (J4 1) 
studied the effect of formulation on the resulting particle size distribution by combining 
different mixtures of two propellants, assuming that there is a correlation between 
propellant vapour pressure and atomisation. 
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5.2 Droplet evaporation in the USP throat and new inlet sampler 
5.2.1 Introduction 
The rate o f droplet evaporation will have a substantial impact on the probability of 
larger droplets having sufficient longev ity for inertial impaction to be a s ignificant 
factor in US P throat deposition and the potential generation of secondary droplets. 
In the new inlet sampler designed to overcome the inertial aspects of the pMDI delivery 
the longev ity of droplets is imponant because a lthough the length of the inlet provides 
significant evaporation time, grav itational settling adds to the analysis of the result. 
The objective here is to review dim ensiona l and fl ow veloc ity data to assess the 
deposition probability of larger droplets using the droplet evaporation mode l of 
Stein (242}. 
5.2.2 Size of droplets in the inertial impaction zone of the USP throat 
We ca n estimate the range of air veloc ity within the inlet section as being between I 
and 3.2 m S·I (excluding the near wall region) with an average ve locity of 1.66 m S· I 
based on an inlet flow of28.3 I min·1 and a diameter of 19 mm in the inertia l im paction 
regIOn . 
The critica l distances from the ex it orifi ce to the back of the throat (Figu re 6-1 ) can be 
determined as follows: 
US P throat inl et to back wall (97 mm+9.5 mm ) 
Exit orifice to mouthpiece 
Distance droplets measured at (from ori fice) 
Distance to travel (106.5 mm+30 mm-50 mm) 
= 106.5 mm 
= 30 mm 
= 50 mm 
= 86.5 mm 
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The co mputed transit times to traverse the di stance from measurement point to 
impacti on zone on posterior wall of mitre bend in the USP throat are 
Max imum time (86 .5 mm at I m S·I) 
Minimum tim e (86.5 mm at 3.2 111 S·I) 
Average tim e (86.S mm at 1.66 m s-I) 
= 86.5 ms 
= 27.0 ms 
= 52.1 ms 
Us in g the ethano l evaporation model(243) and the average traverse time assumin g the 
minimum impaction size is IS ~m it can be computed that the largest ethanol droplet 
that can traverse the 86.5 mm and still be 15 ~m or less is 20 .1 ~m and therefore the 
probability of a ISO ~m (typica l of the diameter seen in the hi gh speed imaging in S. 7) 
evaporating sufficie ntly before the inenial impaction zone is zero . In contrast a 150 ~m 
diameter drop let of the more volatile 134a wou ld have only evaporated down to 145-
~m in S2 111 S clearly demonstrat ing the limitation these large droplets pose in the 
assessment of US P based cascade impaction data, whatever their liquid content. 
5.2.3 Adap tation of the classica l evaporation theory 
The c lassical film theory for droplet evaporation yie lds the D2-law in which the square 
of the droplet diameter (d2) is inversely proponiona l lO the time ( t). An applicati on of 
the c lassical theory to droplets o f prope llant 134a and ethano l yielded good 
approxi matio ns to the D2-law(242) were determined as 
(5.2) 
(5.3) 
Where k is the evaporation rate constant 
The classica l theory relates to a one component system and needs adapti ng for 
app li cation to a two com ponent system. The D2_l aw was modified assum ing the droplet 
is homogeneous and therefore not diffu sion lim ited. The mass flu x of each component 
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out of the surface film will be proportional 10 the volumetric fraction in the surface film 
and 5.2 and 5.3 can be modified to so lve for the volumetric change as a function of a 
time interval for each of the components. 
V loss ethanol = 
[ 
J J 1 - -I '1 11 '2 n " eln(JlJoJ 
6IT [c J -[c J ~ 
1'./ 
(5.4) 
v /oss 1340 :::::: 1'./ 
(5.5) 
Where in the classical analysis n=2, but here the exact va lues determined by Stein (242) 
were applied to equations 5.4 and 5.5. 
For initial droplet diameters of20 !Jll1 (approximates to the 50% efficiency point of the 
US P throat) and 32 !Jll1 (upper efficiency limit for the US P throat) the results were 
solved numerically and the resultant droplet diameter for various combinations of 
ethanol and propellant 134a plotted assuming adiabatic flashing prior to final droplet 
fonnation . 
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5.2.4 Discussion 
In practice the velocity of the plume cou Id reduce the droplet transit time and therefore 
under these cond itions larger droplets will reach the impaction area, the posterior wall 
of the mitre bend. Larger drops also have the potenti al to depos it in the entry region of 
the USP throat given the turbulent nature of thi s region adding to the complex 
depositi on patterns(l90). 
Droplets of pure 134a up to diameters of approximately 50 flm can be expected to 
evaporate sufficiently prior to reaching the inertial impaction region (mitre bend) of the 
US P throat. The inclusion of ethanol significantly increases the evaporation tim e and 
limits the droplet diam eter change during the trans ition period between leav ing the exit 
orifice of the de livery system and reaching the mitre bend (F igure 5-2 and Figure 5-3). 
The rate of evaporation of pharmaceutical droplets is complex due to the s ignificant 
number of potential unkn own variables within the system. The velocity o f the droplets 
is large ly unknown due to factors such as momentum transfer from the plume and 
chan ges rapidly with distance from the orifi ce. Larger droplets can be expected to have 
a lower initial velocity but due to momentum wi ll maintain the velocity over longer 
d istances (stopping di stance). In a stud y comparing the relative influence of atomisation 
and evaporation on pMDI efficiency(243) and the relationship between dropl e t lifetime 
and drug delive ry efficiency(242) a relationship between droplet diameter and 
residence time was determined for both pure propellant 134a and pure etha no l. It was 
acknow ledged in the derivation that many of the variables are interrelated. The 
evaporat ion rate for 134a was an order of magnitude greater than that of ethanol and 
th erefore it would be expected that low ethanol formulations would show a different 
response to those with higher ethanol content. 
Based on these factors it would be safe to assum e that little or no evaporation could 
take place for larger drop lets given the expected throat transit time. 
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A study of the evaporation of prope llant 12 droplets de livered by a pMDI using PDA 
analys is compared the experimental droplet distribution to that pred icted by the 
class ica l theory and concluded th at smaller droplets evaporated fas ter than larger 
droplets when measured at three distances downstream of the mouthpiece causing a 
shift in th e distribution when compared to the theory (244). Application of this 
observation wou ld add to the complex ity of determining a particle size d istribution. 
5.3 Preliminary study of residual particle size and distribution with APS for 
solution formulations 
5.3.1 Method 
The objective is to co llect s ize and distribut ion data fro m a range of exit orifice 
diameters fo und in commercial actuator des igns. Using the standard 3320 APS fi tted 
with the 3306 aeroso l inlet sampler and using the standard US P throat and a fl ow rate 
of28.3 I min· l . The QVARTM solution formulation contai ning 134a and ethanol 8% 
w/w and 100 Ilg per dose A PI were inserted into Autohaler™ actuators moulded with 
ex it orifi ce diameter of 0.22 mm and 0.5 mm (representing the range cover by most 
commercial actuators). The testing consisted of 5 assembled devices; each device was 
fired to waste 5 times prior to testing. One actuation per dev ice was fired into the USP 
inlet throat. The data fro m each actuation was combined to form one data set per test 
com bination . The data was plotted as cumulative mass and fi tted to a cumulati ve 
lognormal curve using Tablecurve2 D® software. Deta il s of the mask generation 
method together with calibration of the APS can be fo und in A. IV Ca libration of the 
APS and mask generation 
5.3.2 Results and discussion 
The data (discrete points) is presented in the form of cumulative mass fraction (y-axis) 
and a linear sca le of residual aerodynamic diameter (x-ax is). The best fit cumulative 
lognorm al curve (continuous line) is also displayed. 
The data for the solution fo rmulation, generated using identical fl ow rate and inlet 
geometry to that used in the AC I testing yields a distr ibution that confo rms more 
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closely to a lognonnal distribution (Figure 5-4 and Figu re 5-5) than the AC I generated 
data (section 4. I). 
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Figure 5-4 Cumulati ve mass fraction plot for 0.22 mm orifice measured in the APS 
using ACI inlet throat (res idual particle diameter is in /1m). 
The APS generated data for the lower end of the com mercial actuator ex it orifice range 
(O.22mm) demonstrates a good fit to the lognormal curve (Figure 5-4). The larger ex it 
orifice (0.5 mm) does show some deviation away from the lognormal ( Figure 5-5), in 
the lower and upper partic le size ranges but fits well throughout the main size range 
which is contrary to the ACI data which deviates more in the central s ize range. 
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Figure 5-5 Cumulative mass fraction plot for 0.5 mm orifice measured in the APS using 
AC I inlet throat (residual particle diameter is in Ilm). 
The data presented by the APS instrum ent prov ides s ignificantly more informati on 
regarding the shape of the particle s ize distribution due to the increased resolution 
compared to that of the ACI technique. 
The APS based particle size data shows a decrease in the MMAD (0.88 and 0.98 Ilm) 
when compared to the equivalent ACI data set ( 1.1 5 and 1.18 1J.ffi). 
The data for the two different analyses raises fundamental questions: is the change in 
size and shape of the distribution due to 
~ An interaction with the USP in let throat due to differences in the instrum ental 
fl ow paths 
~ The fundamental differences in the partic le analysis technique 
In order to resolve these questio ns the problem needs to broken down into component 
so lutions the first of which is to assess the influence of the US P inlet throat by 
replacing it with a larger in let throat. 
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5.4 Study of residual particle size distributions using APS measurements 
and a larger inlet port 
5.4.1 Introduction 
The APS and ACI based data for s imilar delivery systems showed a difference in both 
the MMAD and di tribution characteristics of the emitted aerosol. The objective here is 
to establish the influence that the standard US P throat could have on the determination 
of MMAD and distribution parameters. The standard USP inlet has an inlet section that 
tapers to a diameter of 19 mm in thi s study a 100 mm diameter inlet is proposed. The 
distance from the mouthpiece to the bend increases s li ghtly whereas the width increases 
significantly. In order to eliminate the convergent characteristics of the inlet section of 
the standard US P th roat an alternate much wider inlet design was chosen. 
5.4.2 Method 
Us ing a custom made inlet section consi sting of short pipe 150 mm in length having a 
90-degree bend with a radius of 100 mm and a di ameter of 100 mm . The inlet was 
fitted with a blanking plate modified in the centre to take the same inlet coupler used in 
the US P throat and the outlet was fitted with a blanking plate modified at the centre to 
take a pipe with the dimensions of the lower section of th e USP throat so that it had the 
same coupling arrangement to the 3306 impactor unit as the US P throat. 
Standard 50~1 metered valve QVARTM aeroso l units using identical Autohaler™ 
actuators with the exception of orifice diameters of 0.22 mm and 0.5 mm were used. 
Five devices, one actuati on per device with the data combined to form one data set per 
test combination. 
5.4.3 Results and discussion 
The data generated using the larger inlet throat reveals some interesting results 
regardin g both the particle s ize and di stribution measured. 
The distribution of the spray produced by the 0.22 mm ex it orifice (Figure 5-6) now 
shows a lack of fit in the upper region of the characterist ic S shaped cumulati ve data. 
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The MMAD particle size has decreased slightly from 0.98 flm to 0.96 flm but from a 
practica l perspective they are comparable. 
The change in the 0.5 mm exit orifice data (Figure 5-7) is more noteworthy with a shi ft 
in the MMAD up to 1.09 flm from 0.98 flm and an increase in the number of particles 
in the 2-4 flm range. This is surprising given that the USP throat is understood to on ly 
capture parti cles >20 flm and indicates the potenti al significance of droplet evaporation. 
The change in partic le s ize distri bution and particular ly the MMAD has a s ign ificant 
impact on whether the APS fitted with the standard USP th roat wou ld be a suitable 
system to assess particle size data in an atom isation study. The above data along wi th 
the fact that the formu lation used here produces the lowest MMAD generated by any 
commercia l pM DI system. This suggests that an a lternative in let confi gurati on may be 
preferable fo r atomisation studies. 
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Figure 5-6 Cumu lative mass fraction plot for 0.22 mm orifice measured in the APS 
usi ng alternate large diameter throat (residual partic le diameter is in flm). 
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Figure 5-7 Cumulative mass fraction plot fo r 0.5 mm ori fi ce measured in the APS using 
a lternate bend throat (residual partic le diameter is in ).UTI). 
5.5 Droplet size data using PDA measurements 
5.5.1 Method 
The initial droplet size downstream of the actuator orifice is measured using Phase 
Doppler Anem ometry (PDA) in thi s study. 
The aerosol formulation and actuators used in this work were the same as those in 
section 5.3.1. The previous results had shown the larger orifice to have the wider range 
of partic le sizes, a higher MMAD (F igure 5-5) and a greater deviation from the 
lognormal it was therefore determined that the 0.5 mm diameter exit orifice was 
necessary for this stage of the experim ental studies 
The drop let s ize was measured along the central axis 70mm downstream of the ex it 
orifice using a Dantec ID PDA system. The data was collected and processed using 
SIZEware™ software. The raw data fil e was then processed for individual partic le data 
using custom routines and the data exported to Tablecurve2D® software for plotting 
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aga inst a cumulative lognormal d istribution as used prev iously for compari son 
purposes. 
5.5.2 Results and discussion 
The mean drop let diameter was determined to be approximately 7 ~m when p lotted as 
cumulati ve volume based on the PDA diameter measurements. The PDA determines 
vo lume based diameters and does not therefore generate MMAD data and therefore no 
simple direct numerical comparison can be made between the data in Figure 5-8 and 
that in Figure 5-4 to Figure 5-7 other than and rather significantly the data from both 
techniques approximates to a lognormal distribution. The GSD for the data in Figure 
5-8 is 1.98 . Ifan assu mption about the rat io of ethano l and propellant present in the 
droplet is made then it is possible to extrapolate to the residua l particle diameter (the 
relationship between residual diam eter data obtained from the APS and the initi al 
drop let size will be exp lored in chapter 7) . 
The approximation to a lognormal distribution for a so lution based formu latio n is a 
s ignificant factor when com paring the AC I and APS data from two fundamentally 
different instruments and tends to support the APS data for the assumption of a true 
lognormal d istribution. 
The data generated here will be used later to validate the extrapo lation process used to 
determine the in itia l drop size from residua l particle size data in chapter 7. 
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Figure 5-8 Cumulative mass fraction plot fo r 0.5 mm ori fice with 8% w/w eth anol 
measured using a Phase Doppler Anemometer (PDA) into still a ir at a distance of 70 
mm from the ori fi ce. 
5.6 Droplet formation and residual particle size 
5.6.1 Method 
The previous studies have hi ghli ghted the limitation of the AC I and the US P throat fo r 
studying the res idua l particle size generated by the pMDI. The following study will use 
the APS as the aerodynamic particle s ize measuring dev ice and the APS wi ll be fined 
with both the standard US P inlet throat as used in the ACI and the NG I cascade 
impactor devices and an alternate custom designed inlet section, referenced as the 
"tube" from th is point. The princip les used in the des ign of the tube inlet section can be 
found in A.VIII New inlet secti on design for th e APS and CFD ana lysis. The des ign 
was generated by combining observations and measurements made using spray 
visualisati on studi es, standard ACI testing, modell ing of the AC I (Chapter 4) and the 
CFD studies (to be reported in Chapter 6). 
The purpose of th e study reported in th is section is to investigate in more detail the 
effect on pMD I aeroso l particle s ize and distribution due to variations of the ethano l 
concentrat ion for two actuator ori fice diameters and two di fferent inlet confi gurations. 
The aerosols were both standard and modified QVARTM un its fitted with 50 J.tl 
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SpraymiserTM valves. A pre-weighed batch of aeroso ls was chilled to 
-56°C overnight. The units were removed from the chiller and the valve was 
immediately removed from the aeroso l using a custom designed tool and the contents 
placed into clean, dry, pre-chi lled aluminium cans. A predetermined quantity of 
ethano l/drug solution for each fo rmulation was added to the can and immediately a new 
25 fll va lve crimped to the can some un its were also fitted with 50 fll valves, with the 
option to study valve s ize as a variable. The volume of th e expansion zone fo r the 
actuator system used was 114 fl l. The drug content was mainta ined at 100 flg per 
actuation but the ethanol leve l was 8, 14 .5, 25. 1, 33.4 and 47.8% w/w. A set o f plastic 
actuators with exit orifice diameters of 0.22 mm and 0.5 mm were cleaned and dried . 
The exit orifi ce examined und er magnification for moulding defects, those wi ll any sign 
of defects were removed from the study. The aeroso l units were primed and a llowed to 
stabil ise, va lve down, for 7 days prior to tes ting. 
The units were tested with an inlet airflow rate of28.3 Umin using either; 
» The APS fitted with the standard USP throat and a small extension tube 
( I OO mm) at the outlet end . 
» The new ' tube ' design (design principles can be found in A.VIII New inlet 
section des ign for the AP and CFD analysis) 
The units were test fi red and a s ingle test shot from 5 separate units. The data from the 
5 shots were poo led for ana lysis. The same APS data mask was used for a ll the data 
sets (the data mask is intended to correct data fro m the 3320 vers ion of the APS to that 
produced by the redesigned 332 1 vers ion). Testing 5 shots from a s ingle device was 
considered but it was deemed necessary to include as much device variab ility as 
possible into del ivery from the pMDI 's and poo ling the data from 5 separate units 
min imises variation due to valve, drug and ethanol content. 
In order to aid the co mparative analys is of the particle size and nature of the particle 
d istribution and characteristic the dynamic range eva luated by the APS was limited to 
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that of the AC I «9 flm because the data on plate 0 of the AC I is not utilised in the 
standard pharmaceutical method fo r AC I ana lysis). Us ing this approach overcomes two 
potential limitations of the APS. Firstly it removes any potential for the in correct s iz in g 
of phantom particles(245) and overcomes the sampling limitations and di stortions 
induced by a few larger partic les (> I 0 flm ) and secondly it makes the direct comparison 
of data comparable because both instrum ents are assessed using the dynamic range for 
particle size. 
Discrete particle sizing techniques can be subj ect to sam pling errors particularly where 
wide ranges of particle sizes are found , as is the case with the lognormal distribution 
where onl y a relatively sma ll number off large particle/droplets exist . The APS samples 
only a small portion of the incoming fl ow (0.2 % of the spray), which eq uates to I in 
500 particle cou nts. If the large particles are only present in a ratio of I in 500 or less 
then the resultant data will be biased to the those particles with a greater probability. In 
th e APS the further dilution of the iso- kinetic sample reduces the probabi li ty still 
further. Assessing the potential for any loss of sam ple is critica l in obtaining a full 
understanding of the underlying atomisation process . 
5.6.2 Results and discussion 
Cumul ative particle size di stribution data are given in Figure 5-9 to Figure 5-16 for two 
orifice diam ete rs, two ethanol levels and two inlet des igns. The resulting MMAD and 
GSD values are reported below in Table 5- 1 and Table 5-2. The distributions shown in 
Figure 5-9 - Figure 5-1 2 show no lack of fit to the upper porti on of the lognormal 
particle size range indicating a good fit to the lognonnal approx imation. The data for an 
0.5 mm ex it orifice (Figure 5-9 to Figure 5-12) show very little difference in e ither the 
MMAD or distribution characteristics which given the s ignificant difference in the leve l 
of propellant is unexpected(141). When the same combination of form ulation and exit 
orifice is tested using the tube inl et des ign rather than the US P throat as the inlet there 
is a difference in both the MMAD and the upper end o f the distribution range and the 
M MAD data (Table 5-1) 
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Figure 5-9 Cumulat ive mass fract ion data for 8% w/w ethano l tes ted w ith a 0.5 mm 
diameter ex it o rifice using the standard aluminium USP throat 
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Figure 5-1 0 Cumul at ive mass fraction data for 48% w/w ethanol tested with a 0.5 mm 
diam eter ex it orifice usi ng the standard al uminium US P throat 
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Figure 5-11 Cumulative mass fraction data for 8% w/w ethanol tested wi th a 0.5 mm 
diameter exit o rifi ce using the tube throat design 
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Figure 5- 12 Cumulative mass fraction data fo r 48% w/w ethanol tested with a 0.5 mm 
diameter ex it orifice using the tube throat design 
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Figure 5-1 3 Cumu lative mass fract ion data for 8% w/w ethanol tested with a 0.22 mm 
diameter ex it orifi ce using the stand ard aluminium USP throat 
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Figure 5-1 4 Cum ulative mass fraction data for 48% and w/w ethanol tested with a 0 .22 
mm diameter exit orifice using the standard alum in ium US P throat 
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Figure 5- 15 Cumulative mass fraction data for 8% w/w ethanol tested with a 0.22 mm 
ex it orifice using the tube throat design 
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Figure 5-1 6 Cumulative mass fraction data for 48% w/w ethanol tested with a 0.22 mm 
exit orifi ce us ing the tube throat des ign 
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Table 5-1 Summary of MMAD for orifice diameter, inlet sampler and ethano l level 
Orifice Diameter Sampler inlet 8% Ethanol 48% Ethanol 
0.5mm USP 0.98 ilm 1.11 ilm 
0.5mm Tube 1.03 ilm 1.49 ilm 
0.22mm USP 0.88 ilm 1.20 ilm 
0.22mm Tube 0.86 ilm 2.29 ilm 
Tab le 5-2 Summary ofGSD for diam eter, inlet sampler and ethanol level 
Orifice Diameter Sampler inlet 8% Ethanol 48% Ethano l 
0.5mm USP 1.46 1.48 
0.5mm Tube 1.49 1.77 
0.22mm US P 1.39 1.53 
0.22mm Tube 1.43 2.4 1 
The particle size is expected to increase with increasing ethanol content. T he data in 
Figure 5-9 and Figu re 5- 10 suggests that th e USP throat limits the breadth of the 
particle size di stribution reachin g the APS for the sprays produced by the larger orifice: 
th e MMAD is 0.98 ilm for 8% ethanol and only increases to 1.11 ilm for 48% ethanol 
formulation. In the all data relating to cases where the US P inlet was used, no particles 
greater than 4 ilm (any combination of orifice diameter and ethano l) were found, which, 
given the AC I depos ition data in section 4 .1 and the expected ECD of the USP throat is 
surprising. Thi s cou ld also account for the lower GSD's seen with the US P in let based 
APS data. 
In contrast the data in Figure 5-11 and Figure 5-1 2 relating to tests carried ou t wi th the 
tube in let des ign shows an upward shi ft in both the MMAD and GSD the difference is 
sma ll in the low ethanol formulation but noteworthy in the hi gh ethanol formulation. As 
the input systems and particle measurement systems are the same the difference is 
therefore a resu lt of the inlet design and is a significant aspect in measu ring and 
therefore understanding the atomisation processes . It would appear like ly that 
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impaction of these larger droplets onto the surface of the US P throat generates smaller 
secondary droplets that increases the number of droplets at the smaller end of the 
distribution that is significantly out of proportion for the ethan ol level bein g assessed. 
These data for the US P throat clearly hi ghli ght the limitation on partic le s ize 
assessment when assessing formulations that produce large droplets. 
The effect of orifice diameter on MMAD is c learly defined for the tube inlet compared 
to the US P and the same applies to the va lues for GSD and indicates much broader 
distributions are be ing generated. The effect of orifice diamete r on the MMAD is 
interesting because at the low ethanol leve l the MMAD increases with increas ing 
diameter whereas in the high ethano l level the opposite effect is seen. Th is coul d 
indicate a chan ge in the primary mechanism of atomisation or that the droplets in the 
upper size range from the larger orifice are so large they do not reach the detector in the 
tube due to grav itational settling. The data in Figure 5-1 6 shows the particle diameter 
data is not asymptotic (indicatin g a truncation o f the di stribution and a limitation of the 
dynamic range used) from the MMAD and GSD the upper 95% confidence limit is 13-
~m and the 99% limit 32 fun. These values indicate initial droplet sizes of > I 00 fun and 
>300 ~m respectively(141) . 
High reso lution images close to the ex it orifi ce will be used to assess the break-up 
mechanism and assess the true upper lim it to the droplet diameters produced by high 
ethanol content 134a formulations. 
5.7 High speed digital imaging of the spray 
In the previous section it was postul ated that the reduction in detection efficacy of the 
APS was due to the production o f larger droplets that from both a statistical and 
practical perspective would not reach the parti cle s ize detector. In the lognormal 
di stribution large drop lets are fewer in number and therefore statisticall y are more 
likely to be under-sampled. Moreover, due to the effect of gravity large dro plets will 
settle rapidly and wi ll therefore not reach the inlet to the APS resu lting in a loss of the 
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larger particle size end of the distri bution and a fa lse determination of both the mean 
and di stribution parameters. 
The objective is to use hi gh speed di gital imaging to ascerta in whether these larger 
droplets do in practi ce ex ist. 
5.7.1 Methodology for large droplet detection 
The emitted spray was imaged SO mm downstream of the exit orifice using a Photron™ 
Ultima™ hi gh speed digita l camera. Il lumi nation was provided by an Oxford lasers 30-
W copper vapour laser utilisi ng diffuse back screen illumination via a fib re optic feed. 
The camera was set to record at 10000 fps using an image resolution ofS 12*S12 pixels. 
The v ideo images were post processed using Mathcad® software incorporat ing the 
image analys is so ftware extension. 
5.7.2 Results and discussion 
The images from the entire metered actuation of both 8% and 48% ethanol in 134a 
formulations were analysed. 
Figure S-1 7 Section of a S12*S 12 image showing the droplets produced by an 8% 
ethano l in 134a fo rmulation 
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Figu re 5- 18 Section of a 512*S12 image showing the droplets produced by a 48% 
eth anol in 134a fo rmul ation 
The image from an 8% ethanol fo rmulation (Figure 5-17) is typica l of that seen during 
the metered actuation. The size of the droplets appears to be consistent duri ng the 
delivery cycle with drop let di ameters up to 20-30 flll1. It is not poss ible to see or size 
the smaller droplets due to the fie ld of view and the pixel resolution wh ich results in a 
single pixel size of approx imately 5 ~m. When viewed as an ani mation the large 
number of very small droplets appears like a fog moving across the image and look as 
if to move in waves across the fie ld of view. A wave like appearance to the flow has 
been reported prev iously(208}. 
The image from a 48% ethanol formulation (F igure 5-1 8) is typica l of those seen during 
the early phase o f the delivery process and confi rms the presence of droplets too large 
to reach the detector of the APS. The image shown was chosen because it conveys 
several important pi eces of info rm ation. There are three large droplets in the foca l plane 
but several other larger droplets can be detected as fa int out of foc us objects. There are 
a lso a large number of sma ller droplets present in the 20 ~m to SO flm d iameter range. 
The large drop let in the upper right-hand area appears to be either about to separate into 
two drop lets or conversely two large droplets are coalescing and a small ligament 
extend ing from the lower left edge of the drop let. 
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The lack of circ ular symmetry of the larger droplets is probably due to the reco il 
process often seen following droplet formati on. However, due to the hi gh veloc ity of 
the droplets and the narrow field of view the droplets only appear on a s ingle frame and 
it was therefore not poss ible to observe the phenomena in greater detail. 
The disproportionate number of larger droplets (for a lognormal distribution) and the 
lack o f droplets in the interm ed iate range of 50 ).tm to 100 ).tm could indicate the 
presence of a second break-up mechanism. Given the reported ex it velocities 
determined in the two phase fl ow study then in the case of high ethanol contents (lower 
degree of flash ing potentia l) then both flash and aerodynamic shear mechanisms are 
poss ible as we ll as secondary droplet scatter fo llowi ng impingement and subsequent 
pooling of cooled liquid onto surfaces such as the inner mouthpiece wall and actuator 
exit cone area as ph ys ical examinat ion of the devices after testing showed there to be 
drug deposits in these regions 
The second atomisation mechan ism co uld also be due to the non-homogeneous 
distribution in the two phase fl ow entering the exit orifice and this mechani sm would be 
further enhanced by temperature variat ions lowering the systems flashing potential. 
Previous atomisation studi es, using mixtures of propellants to lower the fo rmul ation 
pressure, have reported irregular droplet fonnation(141. 163) often described as 
'sputtering' and has been used to quantify the point at which the propellant mi xture 
ratio is no longer suitable for atom isation. It is likely that the phenomena responsible 
fo r 'sputtering' occur at mixture ratios near thi s point but the effect becomes 
progress ively masked by the increasing fl ashing mechanism. The ' sputtering' may be 
the first visual observation of the lack of flashing potential as the degree o f superheat 
fo r the formulation decreases. 
The presence of large droplets supports the earlier conjecture (see section 5.6.2) that 
formulations containing hi gher levels of ethanol, can potentially generate a secondary 
drop let fraction on impact with the US? throat. Based on the video ev idence the 
vo lume/mass of these larger particles would s ignificantly red uce the detect ion level s 
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seen by the APS and potentially distort the mean and di stribution parameters by 
increasing the number of residua l particles in the micron and submicron range. A CFD 
study to be repo rted in Chapter 6 wi ll investigate further the range of drop let sizes that 
are expected to impact in the US P throat. 
With respect to the potential droplet diameters shown Figure 5-18, given the potential 
droplet diameter range, it would be expected that nearly all of the droplets would 
depos it in the US P throat unless the droplet evapo ration rate is suffic iently hi gh for the 
droplets in the > 50 IIm ran ge to have time to evaporate to <20 IIm prior to reaching the 
inertial deposition site in the US P throat. 
5.8 Effect of ethanol on droplet diameter 
5.8.1 Normalised mass balance 
The normalised mass balance data (Figure 5-19) is used to assess the amount of 
material depos ited in the actuator and inlet section without th e need to chemically 
assay. The loss of particles in the inlet section (US P or tube design) is an important 
parameter when analysing aerosol data. The standard analytical approach is to 
chemically assay the deposit ion in the in let for AP I. This process is time consuming 
and labour intens ive so an alternative approach of normalising the loss was 
implemented. 
The drug content in each formu lation is constant and therefore the same residual 
vo lume shou ld be detected for each formulation. The vo lume of material detected by 
th e APS has been normalised to the base level of 8% ethano l (reference) data to obta in 
a relative meas ure of the mass reduction due to drug deposition on the actuator surfaces 
and the inlet (US P or tube des ign). 
5.8.2 Method 
The data detected by the APS is a sam ple taken from the spray and the volume/mass of 
the spray has been shown to correlate well to the AC I when a suitable data mask is 
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used(245) and extension tubes are used between the USP inlet and the APS to improve 
evaporation(246) when ethanol levels are high . 
The mass of material detected by the APS was referenced to the level of the lowest 
ethanol formu lation (8% w/w) for each inlet design usi ng the following method; 
, - d 4 [d]' Mass = p -f' n, - 1f -'-
,-d 3 2 Normalised = - •• (5 .8) , :d~ 4 [d]' Massrr! = P L fl , -::; " ---.!.... 
I: d .... .) 2 
Where d is particle diameter, n is the number count and p is particle density 
5.8.3 Res ults and discussion 
The data presented in Figure 5-19 clearly shows th ere to be an increasing loss of mass 
(or volume assumin g constant density of the res idual droplets) due to inlet deposition as 
the particle size increases with increas in g ethanol content. The loss as expected from a 
des ign perspective is greater in the US P throat than in the tube design (tube design 
consistently detected more counts compared to the USP in let however each design is 
normali sed to its own base ethanol leve l). 
185 
Chapter 5 Measurement of particle s ize distributions using APS and PDA 
1.2 
• 
1 
u 
c 
• ;; 
III 0.8 
c 
.2 
U 
.'!! 0.6 
• C 
'C 
• 
• 0.' ;; 
E (; 
z 0.2 
0 
0 
• • 
• 
• 
10 20 
• 
• • 
• 
• 
• 
• 
• 
30 
%w/w Ethanol 
• 
• 
• 
• 
40 50 
I. O.22mm USP • O.22mm TUBE . O.5mm USP • O.5mm TUBE I 
Figure 5-1 9 ormalised mass balances for US P and tube inlets 
60 
The significant loss of data raises a doubt as to the true particle size at 48% w/w ethanol 
as up to 80% of the material is unaccounted for. The exception is the 0.22 mm orifice in 
the tube and cou ld be an indication of a change in the break up mechanism due to 
impaction and secondary droplet production. The 220 I!m exit orifice diameter imposes 
a physical upper li mi t on droplet diameter. 
The increased losses as a fu nction of ethanol leve l are due to a comb ination of 
in creased deposition with drop size (i nert ial and grav itational deposition) and potentia l 
stati stica l sampling error because of the very large drop lets in the tube des ign (greater 
than the dynamic range of the APS) an d also because of gravitational settling in the 
tube design for droplets greater than 20 ~m. In a like for like comparison, there is 
always a greater number of larger droplets (4-20 Ilm) in the tube design compared to 
the USP and thi s demonstrates the USP throats limitation when conducting 
fundamenta l particle-sizing experiments and hi gh I ights the potential loss of data that 
should pass through the US P throat at the test flow rate assuming the objective is to 
measure actua l particle size . 
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The limitations of the USP throat desi gn raises questions regarding the va lidity of 
cascade impactor data when usi ng such in vi/I'o techniques to assess product 
perfo rmance for other than quality assurance purposes. In QA testing the USP throat is 
' consistent' as is the plate depos ition. The USP des ign does however impose limitations 
for a ll other types of test ing such as device des ign and true particle size assessment. It is 
critical that the geometry in to which the pMD I is actuated is as close, in terms o f 
shape, vo lume, surface etc., to the human inhalation route and this shou ld also include 
other key factors such as the surface nature of the geometry and the velocity of the air 
fl ow being used to determine sa id performance in order to avoid significant product 
assessment errors being made. 
5.8.4 Assessment of Particle size (Median vs Mean) 
The assessment of particle size and di stribution is a fu ndamenta l requirement in the 
assessment of inha lation therapy. The effect of ethanol leve l on the particle size is 
assessed using both the pharmaceutical convention of median and the particle size 
assessment of th e mean which is common in many other industries. Whereas the 
median is simply the mid po int when data is arranged orderl y from low to high and in 
the case of inhalation this is by mass. In contrast the weighted mean (equation 5.3) is 
less sensitive to outliers and can be weighted according to number of parameters such 
as surface area, volume or mass. In this analysis th e full dynamic measurement range o f 
the APS was utili sed (0.5 -20 ~m ). 
5.8.5 Results and discussion 
The affect o f ethanol on the MMAD is presented in Figure 5-20 and Figure 5-22 for 
exit orifi ce diameter of 0.22 mm and 0.5 mm respectively. Both orifice diameter show 
similar trends with the MMAD increasing with ethanol content for the tube design and 
remainin g also independent of ethanol level in the USP throat with a s light increase in 
MMAD with ethanol for the 0.22 mm orifice whereas the response in the 0.5 mm 
orifice is almost independent of the ethanol content and remains constant at 
approx imately I ~. 
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Figure 5-20 MMAD for a 0.22mm diameter exit orifice 
The GSD determined for the same ethanol content range and the 0.22mm orifi ce 
(F igure 5-21) demo nstrates the importance of assessing particle size distribution and 
clearly shows an increased spread in the partic le size distribution, as a function of 
ethanol content and the concomitant reduction in the en thalpy for a flash based 
atomisation process assumption, when assessed with the tube design . It is clear from 
the US P based data that the functional design of the US P throat is such that it is unable 
to quantify a change in such a critica l response because the GSD remains effectively 
constant across the entire ethano l range. 
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When the exit o rifice diameter is increased to 0.5 mm it is still possible to eluc idate an 
increase in GSD with ethanol in the tube inlet whereas the US P throat based data shows 
no change in GSD as a function of ethanol content and potent ially a decrease above 
25% ethanol. The plateau in both MMAD and GSD indicates the US P throat limits the 
range o f particle/droplet diam eters that penetrate to the particle siz ing region. It has 
previous been shown that the quantity of US P throat deposi tion tends to plateau and 
even decrease as a function of the ex it momentum generated by increasing exit orifi ce 
diameters. It is therefore like ly that impaction and partial break up of the larger droplets 
leads to a plateau in the partic le size range. The chaotic nature of this type of break up 
gives results that are effectively independent of both ethano l and the basic atomisation 
process and results from an interaction between the system being assessed and the 
system being used to conduct the assessment. 
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When the A PS data set for eth anol content and exit orifice di ameter is processed using 
the weighted mean particle size technique it is possib le to detect an increase in parti c le 
s ize with increasing ethanol content across the entire ethanol range and for both ex it 
orifice diameters. The 0 10 and 0 30 data for the US P show a crossover response, which 
is indicative of an interactive response. As would be expected the volume-weighted 
parameter showing a higher mean across the range of ethanol values compared to the 
0' 0. A similar trend is seen in the tube data with the values for the 0 30 (Figure 5-27) 
bei ng hi gher than the corresponding value for the USP throat due to the increased 
capacity for larger particles detection but is not as s igni fica nt as seen in the MMAO 
data because of the change in diameter weightin g. The tube based data does not exhibit 
the crossover response rather a convergence at the higher ethanol level. The tube data 
indicates a degree of curvature with the curvature more pronounced in the 0 30 data 
where the increased number of larger parti cles begins to have an influence on the 
volume weighted mean. 
A comparison of the MMAD and the more computational D lOand 0 30 for the same data 
sets show how important the particle s ize ana lysis technique is when trying to assess 
the output fro m pMOI 's and the variat ions induced by formu lation and actuator 
designs. The response of the MMAO was effectively independent of ethanol level 
whereas the OlOand 0 30 determination did show a linear increase with ethano l content. 
It is important to note that MMAO is a med ian and 0 10 and 0 30 are means. In sampl ing 
techniques like those used in the APS and where distributions are not norm al the 
median can be influenced by the presence or absence of particles that may actually 
represent a large portion of the mass or volume. 
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5.9 A study of residual particle size and distribution with the APS for 
suspension form ulation assessment 
The previous studies for the size and distribution of sprays emitted by the pMD I have 
foc used on the sol ution formulation. The so lution form ulation is the ideal model 
because the concentration of the drug is in theory uni form in all the droplets produced. 
In the suspension form ul ation the situation is more complex because the drug is present 
in discrete partic les suspended in the formulation . The process is further complicated by 
the addition of suspending agents to stabilise the discrete particles by limiting processes 
that cause particles to coa lesce. 
The presence of non-active formu lation additives such as surfactants is one of the main 
reasons why siz ing techn iques like the APS are not favo ured by the pharm aceutica l 
regu lators because it can not distinguish between a drug particle and a residua l 
surfactant or other particulate in the formulation. 
The object ive for the work presented here is to assess the particle distribution 
characteristics generated by a suspens ion formulat ion and to assess the nature of th e 
particle size distribution. 
5.9.1 Method 
The objecti ve is to co ll ect size and d istribution data fro m a range of ex it orifice 
diameters foun d in commercial actuator designs. Using the standard 3320 APS fitted 
with the 3306 aeroso l inlet sam pler and using either the standard USP throat o r the tube 
inlet and a flow rate of28.3 I min· l . The Airomir™ suspension formulation containing 
134a and ethanol 14.7% w/w and sa lbutamol sulphate as the API were inserted into 
Autohaler™ actuators moulded with exit orifice diameter ofO.22mm and O.Smm. The 
testi ng consisted of 5 assembled devices; each dev ice was fired to waste 5 times prior to 
testing. One actuation per dev ice was fired into the US P inlet throat. The data fro m 
each actuation was combined to form one data set per test combination. 
The data was plotted as cumulative mass and fitted to a cumulative lognormal curve 
using Tablecurve2D® software. 
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5.9.2 Results and discussion 
The data fo r th e suspension fo rmulation, generated using identical fl ow rate and inlet 
geometry to that used in the ACI testing yields a distri bution that appears to conform 
more closely to the lognormal di stribution (F igure 5-28 and Figure 5-29) than the AC I 
generated data (section 4. 1). 
The deviation in the lognormal fi t in the tai l region below 1.2 fUll (Figure 5-28 to 
Figure 5-3 I) it most probab ly due the resu lt of the aforementioned surfactant droplets. 
When a placebo only aerosol is fired into the A PS under the same set of test condit ions 
a small but signi fica nt number of sma ll parti cles are detected and highlights why the 
APS technique is not favo ured from a pharmaceutica l perspective however the 
contribution of these particles to the tota l mass is small. The fi t to the lognonnal wo uld 
be further enhanced if the ta il of the distribution included genuine suspended dru g 
particles only 
The fit to the lognorm al distribution is improved, both visua lly and when assessed by 
the corre lation coeffi cient, when the tube inlet design is used (Figure 5-30 and Figure 
5-3 1) however there is an increase and a shape change to the distribution in the sub 1.5-
~lIn range. There is a lso a sign ifi cant shi ft in the total mass of partic les in the <2 fUll 
range. In the US P data fo r the 0.22 mm ex it ori fice 45% of the mass fa lls within thi s 
range whereas in the equ ivalent tube in let data the mass is <20%. A similar di fference 
is seen in the larger ex it orifice. 
It can also be seen that the proportion of small droplets, characteri sed by th e departure 
fro m th e logno rm al fit at the lower end of the distri bution, is hi gher in the US P data set 
than see in the tube (departure from the lognorm al occurs at 10% mass in tube inlet and 
20% in US P inlet) and could indicate a sh ift due to a loss at the upper size range or an 
increase in the lower distribution due to inert ia l impaction fragments. The GSD va lues 
for the USP throat based data are higher than the tu be design and the MMAD is lower 
(Tab le 5-3). 
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The influence of the exit orifice is surprising given the nature of the formu lation as it 
wou ld not be expected that the fundamenta l size of the discrete part icles could be 
altered . The most like ly exp lanation for the effect is the influence of the exit orifice on 
the fundamental atomisation process. The so lution formu lation based studies did show 
the fundamental s ize changes with ex it orifice diameter and therefore as th e 
fundamenta l drop size changes so does the ratio of suspended drug particles to the 
number of droplets and thereby a ltering the statistical probability of more than one 
discrete particle occupying a droplet. 
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Figure 5-28 Cumul ative mass fracti on plot of a suspension formu lation tested using a 
O.22mm ex it orifice and the USP th roat. 
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Figure 5-29 Cumulative mass fractio n plot of a suspension formulation tested using a 
O.5mm ex it orifice and th e US P throat. 
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Figure 5-30 Cumulative mass fraction plot of a suspension formu lation tested using a 
0.22mm ex it orifice and the tube design inlet. 
197 
Chapter 5 Measurement of particle size distributions using APS and PDA 
D .• 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
LogNoonCL.rrU a.b.c ) 
rll2:09986D995 DFAq rA2=O 9984908 FitStdErr-001 421 4988 Fstat=12931171 
a::l .0503183b:31862799 
c=o 49202914 
o~ __ ~~ ____ ~ __________ ~ __________ ~ __________ ~ 
o 2 4 6 8 
Aerodynamic Diameter (um) 
Figure 5-31 Cumulative mass fracti on plot ofa suspension fonnulation tested using a 
O.5mm exit orifice and the tube design inlet. 
Table 5-3 MMAD and GS D data for suspension fo rmul ati on 
EX ITOR1FI CE INLET DESIGN MMAD GSD 
0.22mm USP 2.12 1.73 
O.5mm USP 2.25 1.87 
O.22mm Tube 2.84 1.60 
O.5 mm Tube 3.18 1.63 
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5.10 Conclusions 
>- The particle size data from the A?S exhibit a better fit to the lognormal 
distribution than th e equivalent ACI data for the same formulations and delivery 
system. 
);. The data obtained from PDA measurements demonstrated a good fit to the 
lognorm al distri bution and supports the data generated by the APS not only in 
the di stributi on but a lso the relationship between drop di ameter and res idual 
diameter. 
);. Use of the US P th roat distorts the distri bution data by truncating th e data above 
20 flm and conversely increases the fraction of data in the micron to submicron 
range. 
);. The US P throat places upper constra ints on the GS D that can be determined 
fro m the depos ition data. 
);. The US P throat inertia l based deposition w ill truncate and limit the size range of 
res idual particles entering the particle s izing region. 
);. The US ? throat is not suitable for studying and quantifyi ng the ato misation 
process however that does not imply that the USP throat does not give 
consistent depos ition data but it can alter the interpretation of the distributi on 
produced by the pMDI. 
);. Droplets generated by the pMDI delivery system which are greater th an 25 flm 
in diameter will in general have insuffi cient time to evaporate prior to reaching 
the inertial depos ition region o f the US P throat. 
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>- The impaction of large drop lets in the USP throat could results in the generation 
of smaller satellite drop lets from the subsequent liquid break up and thereby 
increase the distribution parameter. 
>- The use of a larger diameter inlet throat with si milar flow length to the USP 
throat indicated more ofa deviation from the lognormal at the higher end of the 
distribution range for a ll exit orifice diameters and an upward shift was 
observed in the MMAO for larger exit orifice diameters. 
>- Particle size parameters based on the more computationally defined parameters 
based around various types of mean particle size such as the 0 10 and 0 30 
prod uce a more reliable assessments of the atomisation process than the med ian 
based methods like MMAO when using discrete particle sampling techniques 
like the APS. 
>- There appears to be a disproportionate gap in the droplet range between 50 Ilm 
and 100 Ilm for higher ethanol formulations and could indicate that more than 
one break-up mechanism appl ies when these larger drop lets are present in the 
plume. 
>- The co mbination of upper droplet diameter range and spray velocity produced 
by large exit ori fice diameters and high ethano l content indicate that some 
droplets fall within the Weber break-up scheme. 
>- The experimental results for the higher ethanol content formu lations highli ghts 
the significant problems associated with the methods used to measure the very 
wide range of droplet sizes found in these systems and the dynamic range that 
the instrumentation technique must be able to measure to ensure accurate 
results . The loss of larger droplet data has been estimated using the loss of 
volumetric material detected by the APS. The lack of suitable dynamic range 
and or sampling errors applies to other instrum entati on such as laser light 
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scattering, PDA, AC I and imaging techniques and no single instrum ent can be 
re lied upon to give all the necessary data. The full analys is can only be obta ined 
by the use of complimentary analys is techniques. The addition of suitabl e 
modelling techniques and th e use of C FD further enhance the aerosol scienti st 's 
too lbox. 
>- The work here has show n the importan ce oferro r/ loss analysis in determining 
the true nature of the droplet range gene rated by a pMDI. 
5.11 Summary 
Computer modellin g o f the AC I indicated that the output from the ana lysis o f AC I data 
should approach the lognormal even when the input di stribution was not lognormal. 
Subsequent analysis of the residual particle s ize by the APS fitted with either the 
standard USP throat or the tube inlet design showed the di stribution to approach the 
lognonnal and the lognormal di stribution was supported by a further instrum enta l 
technique (PDA). The data al so showed clear di ffe rences in both the s ize and 
distribution with di ffere nt inlets. 
The des ign of the inlet plays a important part in the determination o f the particle size 
but there is little publi shed data on the perfo rmance of the US P th roat and the use o f a 
fl ow analysis technique li ke C FD may fu rther a id the understanding. 
The C FD technique may also help to explain why the impaction characteri stics for the 
upper plates of the AC I are fa r from ideal by prov iding ins ight into the complex fl ow 
pattern s hi ghli ghted by the depos ition study for plate O. 
The analys is o f the res idual partic le size and the theoretical extrapo lation to the initial 
droplet size may a id the understandin g as would a corre lation of the ethano l 
formul ations w ith an atomisati on model for the pMDI. 
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5.12 Questions generated by the analysis of the data in chapter 5 
>- What are the inertial characteri stics of the USP throat? 
>- What effect does momentum of the spray have on deposition? 
>- Why is APS data better represented by the lognorm al? 
>- Why does ACI not show a lognorm al response when techniques such as the 
APS, PDA and computational modelling do? 
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6. Computational Fluid Dynamics 
6.1 Introduction 
The importance offlow processes in the understanding and the characterisation of 
particles for inha lation therapy were shown in chapters 4 and 5. Many of the aspects 
covered by the research involve flow based problems, in one form or another, whether 
it is in device design, two phase flow, sampling for atomisation or the generation and 
interpretation of cascade impactor data . 
The primary objective of thi s chapter is to provide a number of modelled fl ow so lutions 
that are to be used to explain and support data from the preced ing chapter and to 
evaluate many of the flow issues associated with: 
;, Flow in va rious stages of the cascade impactor (i nlet and impactor plates) 
;, The interpretation and use of data obtained from commercia l cascade impactors 
;, Development of the velocity profi le in impactor jets 
;, The fl ow through the new design of in let spray sampler 
;, Flow through commercial actuators 
Computationa l fluid dynamics (CFD) provides a set of computational based modelling 
methodologies for studying fluid fl ow and particle trajectories which due to their 
comp lex ity are not readily stud ied via the experimental techn iques route or the outputs 
are very dependent on specific aspects such as particle properties as is the case with 
cascade impaclOr plate depos ition studies. 
6.1.1 T he cascade impactor 
The interpretation of cascade impactor data forms the basis for assessing the particle 
size and di stribution of inhaled therapies (chapter I, 3 and 4). In practice there are many 
impactor designs used to assess these critical performance measures, however the 
comparison of data from diffe rent designs can be difficult due to significant geometric 
variations and test flow rates. The first significant difference in impactor designs is the 
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inlet section, often ca lled the throat or induction port. It is o ften assumed th at the design 
of the inlet section is to mimic the human oropharyngeal region. Compari son of the 
many commerc ial designs would, however, indicate they are more concern ed with the 
ease of manufacture and coupling the inhaler devi ce (which produces a hori zontal 
aerosol plum e) to the impactor (which has a vertica l inlet passage) by turnin g th e inlet 
airflow through 90 degrees. 
Based on the results generated in the ACI and APS studies and the data collated from 
the literature it was concluded that the des ign of the in let section would have a 
significant influence on the particle deposition and subsequent particle size distribution 
that passed through the inlet section. It was also anticipated that any numerica l Stokes 
based ECO ana lys is would be insuffi cient to understand or predicting depos iti on in the 
throat. 
The primary objective is to characteri se the basic fl ow distribution of air through both 
the inlet section and impactor stages when the data for dru g deposition does not a lways 
fi t the lognormal assumption. CFO through the computation of streamli nes and particle 
trackin g is the perfect too l to meet these objectives and to quanti fy the departure from 
the ideal ; Stoke's based so lutions (section 4.2). C PO analys is wi ll also be used to assess 
the des ign of an inlet sampler (A.VIII New inlet section design fo r the APS and CPO 
ana lysis) used in chapter 5 as an alterna tive to the US P throat. 
In the work presented here a number o f simple assumptions regarding the actuator and 
the inlet fl ow were made in order to simplify the problem and in some cases to li mit the 
computational complex ity. 
The construction of all the 30 fl ow domains were based on actual dim ensions measured 
on commercia l instruments. Oata fo r jet dimensions and plate spac in g was taken from 
the literature{l88, 189) The measured d imensions used in the construction of the fl ow 
domai ns were a lso checked against manu facturers drawings (247) and as such many of 
the critical dim ensions can not be reproduced here. It can however be stated that all 
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measurement made were in good agreement with manufacturers draw ings. Some of the 
fine design detail associated with radii were omitted or simplified in order to minimise 
meshin g issues associated with such fine detail. 
The work presented here is to assist the interpretation of the data obtained in chapters 4 
and 5. Very little information was avai lable regardin g boundary conditions within the 
stages of the cascade impactor other th an the overall mass flow rate. Given these 
limitations the study should not be regarded as a definitive study but is fit for the 
purpose of understanding the complex flow issue within the US P throat and ACI. 
6.1.2 Methodology used for Model Construction 
Once the phys ical dimensions and geo metry s implification processes have been 
completed a so lid model of the fl ow domain can be constructed. After the so lid model 
phase has been completed the inlet and outlet boundaries can be defined. 
The next stage is to define the meshing scheme to be used and the number and 
distribution of finite volumes needed to obtain a satisfactory fl ow so lution. The choice 
of mesh ing scheme can influence the solution due to numerical diffusion, setup tim e 
and computational overhead (248}. The numerical di ffus ion errors can be minimised by 
usi ng hexahedral meshes ali gned with the flow d irection however complex geometries 
preclude the use of structured hexahedral meshes. The creation of structured or block-
structured grids (consisting of quadrilateral or hexahedral elements) for such problems 
can be extremely time-consuming if not impossi ble. Therefore, setup time for complex 
geometries is the major motivation for using unstructured grids employing triangular or 
tetrahedral cells. 
The complexity of the fl ow domai ns studied within the ACl vary significantly with the 
inlet section, from geometrical perspective, being relatively s imple, consisting of 
simple tube geometry with a 90 degree bend and a few tapered sections at the inlet and 
outlet. The upper plates of the cascade impactor are s li ghtly more complex due to the 
number of fl ows paths, in the lower plates the fl ow is further complicated by the 
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significant increase in the number of fl ow paths and the very rapid changes in both 
pressure and velocity. The relatively simple fl ow domains in the throat sectio n lend 
themselves to the use of structured hexahedral meshes(l9 /) whereas the more complex 
re-entrant nature of the fl ow domain in the cascade impactor plates requ ired the use of 
unstructured tetrahedral meshes. 
Although only the US P throat has been considered during the research the fl ow through 
another standard pharmacopoeia inlet (TSI) has been included in A.IX Mode ll ing 
airflow th rough commercial actuators fo r compari son. 
6.1.3 Computational basics for the models 
The fo llowing computational parameters and assumptions were used for all so lutions 
except where indicated. 
• Fluent® 6.3.26 and TG rid™ 4.0. 16 (Ansys® Inc.) 
• The 3D double precision, implicit, pressure based so lver 
• Pressure, ve loc ity coupling using the SIMPLE algorithm 
• Standard d iscreti sation used for pressure 
• First order upwind fo r momentum discretisation with hexahedral meshes 
• Second order upwind fo r momentum discretisation with tetrahedral mes hes 
• Defaul t under re laxation values 
• Convergence to lerance 0.00 I 
• Laminar steady state incompressible fl ow 
• Velocity inlets norm al to the boundary 
6.2 Modelling flow in the basic USP inlet throat 
The characteri stics of the fl ow through the deli very system and into and th rough the 
ACI throat are cri tica l in determin ing the potentia l nature and degree of drug deposition 
within the cascade im pactor. The initi al object ives of this study were therefore to 
characterise 
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>- Inertial based impaction characteristics of the US P throat 
>- Directio nal effects induced by fundamenta l actuator desi gn changes 
6.2.1 Model construction of the USP throat 
Modelling the fl ow in the ACI throat was initially compli cated by the fact that two inlet 
sect ion designs were identified. The throat section supplied with the APS instrument 
had a s ingle taper at the inlet. A 3D model of the fl ow doma in was constructed and 
meshed using Gambit® (Ansys® Inc.) and the data in Figure 6-1 . 
The current pharm acopoe ia based design has two tapered sections at the in let(2}. 
A ltho ugh the design change has a potentia l impact on pharmaceutica l test in g it was not 
considered significant given the sma ll d imensiona l changes invo lved and for all testing 
in chapter 4 and 5 the double tapered inlet US P th roat had been used. 
The mouthpiece section from a commercia l HFA (Proventil®, HFA) press and breath 
actuator (tubular section mouthpiece, 21 mm internal diameter) was added to the inlet 
section to represent a more real istic input boundary condition. The use of thi s 
commercial actuator geometry minim ised other mouthpiece geometric effects beca u e 
the internal diameter closely matches that of the non taper section of the standard USP 
throat. 
The mouthpiece design of this actuator was used because it is both symmetrical and 
wider than most commercial designs (F igure 6-2). early all commercial actuators have 
mouthpiece sections that are both non-sym metrica l and smaller in cross sectio nal area, 
both of these factors can induce more fl ow variation and deposition on the inner surface 
of the mouthpiece due to the proximity of the surface and thi s would add to the 
complex ity of the analysis. 
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Figure 6-1 Schematic of the USP inlet/throat secti on used in the AC I showing critica l 
dimensions(2) 
Flowlnl.t 
Figure 6-2 Photograph showing the basic direction oflhe inlet a irflow for three 
commerc ial actuators and the variation in the angle of the mouthpiece relative to the 
inl et. Inserts show signifi cant variat ion in the respective mouthpiece cross sectional 
profile a) press & breathe inhaler QVA RTM, b) press and breath inhaler (3M), c) breath-
actuated inhaler Autohaler™ 
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The basic US P throat (interna l) section is shown below (Figure 6-3); note the two 
tapers at the inlet and one taper at the outlet. 
Figure 6-3 Basic US P throat des ign with actuator mouthpiece showing a typical 
hexahedra l mesh aligned with the basic fl ow direction. 
Outfet 
Actuator 
Mouthpiece 
Figure 6-4 So lid mode l of the ACI throat with a round actuator mouthpiece placed 
centrally at the in let and a short parall el extension at the outlet. 
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6.2.2 Methodology for the basic USP throat section 
For fl ow stud ies in the basic USP throat a range ofhexahedral meshing schemes were 
assessed ranging from 5k to 121 k elements. Reference to the literature(J9J) for throat 
modelling data ind icated that high mesh counts would not be necessary. In order to 
validate this assumption a grid independence study was conducted using meshes with 
5k, I Ok, 34k, 72kand 121 k elements. 
The mesh was generated with hexahedral/wedge elements applying a Coo per scheme 
meshed using the fl ow inlet, mouthpi ece outlet and fl ow outlets as the source faces. 
Table 6-1 Variables and settings used in the CFD modelling of the USP throat 
Solver Fluent 6 Inlet Boundarv Pressure 
Number of cells 5k- 121 k Outlct Boundary Pressure 
Grid Hexahed ral, T-Grid Discretisation I st Order Upwind 
EQuations solved U, V, W, P Solution ah!Orithm SIMPLE 
Fluid Air Turbulence mod cl Laminar 
Boundary Vin = - 1.37 m/s Underrelaxation Default 
Having defined the mesh a sol ution for the given set of boundary conditions is 
computed. In this case the inlet velocity was set, based on the cross secti onal area of the 
inlet section, to give the volumetric fl ow rate defined in the pharmacopoeia (AC I flow 
rate for pMDI testing is defined as 28.3 I min-'). A uni form veloc ity profile norm al to 
the inlet was defined as the inlet boundary condition (thi s idea lisation of the inlet flow 
will be revisited in section 6.4 where more complex inlet distributions are considered). 
6.2.3 Results and discussion for flow in the basic USP throat 
The mouthpiece section is 30mm long and a ll ows some development of a parabolic 
velocity profile characteristic of steady state Newtonian fluid fl ow. 
The hexahedral mesh defined fo r the throat was aligned with the direction of primary 
fluid fl ow and because the problem can be considered a s imple duct fl ow a first order 
upwind discretisation scheme should have been adeq uate(248) however durin g the 
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computational process a reversed flow in faces on the pressure outlet boundary was 
reported due to the formation of a recirculation zone in the outlet taper after a few 
iterations. Although a convergent so lution to a constant mass fl ow rate was achieved 
the validity of the so lution must be viewed with a degree of caution. It has previously 
been reported that flow in the lower section of the AC I throat is complex and is typical 
of the fl ow found in a mitre bend (191) and the results here support that conclusion. 
The grid independence study (Table 6-2) indicated that a hexahedra l mesh s ize of 72k 
cells or greater would provide a so lution of suffic ient accuracy. 
Tab le 6-2 Grid independence study for basic AC I throat design 
Mesh elements Mass Flow Rate (kgls) 
5k 5.69* 10" 
10k 5.12*1 0" 
34k 5. 15 * I 0"' 
72k 5.09* I 0"' 
121k 5.08* 10"' 
Based on calculated and published Reynolds number data for the flow in the throat and 
jet plates of the AC I a laminar fl ow so lution was assumed. The maximum Reyno lds 
number computed for the throat section at 28.3 I min-! is in the region of 2000, which is 
generally considered to be below the onset of turbulent flow . The onset of turbulent 
fl ow wou ld generally be considered to occur in the region 2000-4000. The Reynolds 
number for all the impactor plate jets of the AC I is we ll below the onset of turbu lent 
flow with all the plate jets having Reynolds numbers less than 800(188, 189) . 
The contours of velocity magnitude a long the central plane (z=O) were observed every 
few iterations during the convergence process and revealed that even at the predefined 
convergence criteria I * I 0-3 the velocity profile was still undergo slight chan ges in the 
bend and downstream regions and as the primary objective was to model impaction 
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characteristics o f the USP th roat and the influence of inlet fl ow directional effects on 
impaction characteristics this was not considered adequate. In all grid s the convergence 
to constant mass occurred at > I * I 0.5 Based on the objectives for this secti on of the 
work the most important, from a particle trajectory perspective, are th e velocity vectors 
and distribution as these are used to compute the streamlines and the inertia based 
particle paths and particle depos ition. 
During the so lution computation the velocity increased in the bend region and a 
recirculat ion zone deve loped on the anterior wall of the downstream section of the bend 
and the hi gh ve locity region curved around the recirculation zone and made contact 
with the posterior wall adjacent to the recirculation zone. When the sca led residua ls 
reached I * I 0') the veloc ity pro fil e was as show n in Figure 6-5 and from thi s point the 
velocity contours remained constant with very small changes to the contours of the 
velocity magnitude. 
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Figure 6-5 Contours of ve locity magnitude along the centre (z=O) of the AC I throat 
com puted us ing a first order scheme and a 72k hexahedra l mesh. 
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Figure 6-6 Velocity contours along the centre line (z=O) of the USP throat com puted 
using a second order scheme. 
A second order scheme was eva luated to assess whether the fi rst order scheme coupl ed 
with the flow a ligned mesh was influenc ing the so lution. The first and second order 
schemes produced somewhat diff erent fl ow structures in the bend and lower sect ion of 
the ACI with the fi rst order scheme prod ucing a fl ow where the max imum ve loc ity was 
close to the posterior wa ll (oppos ite the inlet) and remained close to the wa ll down as 
far as the outlet taper sect ion and beyond (Figure 6-5). From the inlet to the bend entry 
region the fi rst and second order schemes produced very similar results but d iffered 
sign ificantl y in the recirculation zone in the outside corner of th e bend and th e inner 
recirculation zone just after the inner corner of the bend . Beyond the bend the second 
order scheme prod uced a fl ow that moved away fro m the rear wall towards the centre 
of the tapered outlet. It was noted that the res iduals reached a plateau then oscill ated 
(the continu ity and y-veloc ity remained just above the convergence criteri a whil st the x 
and z-velocity achieved the cri te ri a). This was due to the unstab le fl ow in the reg ion 
downstream of the bend and specifica ll y as a fu nction of the size of the recirculation 
region at the outflow boundary. The streamline plots in Figure 6-7 and Figure 6-8 
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demonstrate the s imilarity of the fl ows up to the bend but significant di ffere nces after 
the bend . The second order scheme prod uci ng a flow in the region between the bend 
and the outlet that is characterised by spiralling type and g ives a strong indication of the 
unstable flow previously reported for thi s flow region(/9/) 
y 
z~ x 
Figure 6-7 Streamlines plots fo r the first order so lution in the US P throat. 
y 
z~x 
Figure 6-8 Streamlines plots fo r the second order so lut ion in the US P throat. 
Because the flow in the ex it region of the US P throat is unstable it was assumed that 
short outlet section and d ivergent ex it taper were the cause of the instabi lity. Specific 
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aspects where thi s fl ow solution would be critical in determining an accurate so lution is 
the isokinetic sampling of the APS, where the inlet of the sampler tube is located 
centrally in the tapered outlet section of th e US P throat and the fl ow in the AC I co upl er 
and the approach to the first jet stage. 
Based on velocity gradients and the complex flow patterns seen downstream of the 
bend of the USP throat the hexahedral meshing sc heme may not be suitable given the 
complex re-circ ulation seen in the outlet reg ion. It is also concluded that an o utlet 
extension like those recommended for the APS and an alternate unstructured grid was 
requ ired to ove rcome the re-circul atory problems in the ta pered outlet . 
6.3 Modelling flow in the USP throat when connected to the APS or ACI 
6.3.1 Introduction 
It has prev ious ly been determined that the flow characteristics in the US P throat would 
be very dependent on the outlet geometry and boundary conditi ons. The objective is to 
model the fl ow in the USP throat when connected to the two partic le siz in g instrument 
used in the determination of particle s ize distributions. 
6.3.2 Model construction of the USP throat with an outlet extension 
The prev ious work has shown the position of th e APS isokinetic inlet sampler tube to 
be located in a position where the co llection effi ciency may not be ideal due to wide 
velocity di stributions and the fl ow characteri stics. 
The USP th roat was extended with a straight tube of circular cross-section with a length 
of a 100 mm and a diameter of25.4 mm, th at would be coupled between the USP th roat 
outlet and the inlet to the 3306 sampler attached to the APS. 
The model was constructed usi ng Gambit® (Ansys® Inc.) so lid mode ller and meshed 
usi ng an unstru ctured tetrahedral mesh of 156k e lements. The mesh was generated 
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us ing TG rid™ with an interva l size of 1.8. A grid independence study was not 
considered necessary given the smaller interva l size used for the mesh generation. 
Table 6-3 Variables and sett ings used in the CFD modelling of the US P th roat with 
outlet extension 
Solver Fluent 6 Inlet Boundary Velocity 
Number of cells l56k Outlet Boundary Outflow 
Grid Tetrahedra l, T -Grid Discretisation 2nd Order Upwind 
Eauations solved U, V, W, P Solution ah!Orithm SIMPLE 
Fluid Air Turbulence model Laminar 
Boundary Vin = -1 .37 m/s Underrelaxation Default 
6.3 .3 Results and discussion 
The addi tion of a 100mm extension to the outlet of the US P throat fa iled to impart 
stabili ty to the fl ow after the mitre bend and the defaul t convergence criteria were only 
achi eved fo r the x and z-ve loc ity but not conti nui ty and y-velocity due to the instabili ty 
of the fl ow in the outl et region (Figure 6-9). The convergence was j ud ged by the visua l 
stabili ty of the streaml ines (and particle inertial traj ectory characteristics) through the 
critical inert ia l impaction region. During the so lution computation the iteration process 
was peri odically interrupted and streamlines and veloc ity contours plotted. During the 
initia l stages of the computation the fl ow in the outlet taper and extension zones 
appeared stable but as the fl ow in the mitre bend approach stabil ity the fl ow in the 
lower regions became un stable. The recirculat ion zone on the anterior wa ll of the outlet 
taper was still ev ident (which induced the reversed fl ow at outflow faces reported for 
both the first and second order hexahedra l US P throat flow models). 
The additi on of the extension fails to produce a stable fl ow at the sampling entrance to 
the APS isoki netic sampler. The fl ow model indicates that the APS fitted with the 3306 
impactor inlet wi ll potentially not un iforml y sample the aeroso l plume with or without 
an extension. 
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Figure 6-9 Instantaneous veloc ity contours and streamli nes for the USP throat fitted 
with a I OOmm extension at the outlet of the throat (APS configuration) 
6.3.4 Modell1ow in the USP throat when attached to the ACI coupler and first jet 
stage 
The fl ow models of the US P throat with and without extension had shown the fl ow in 
the outlet region to be unsteady. In both of the previous model scenarios the output was 
either a pressure outlet or a sim ple outflow. The objective of th is section is to establ ish 
the fl ow characteri stics when the design geometry of the AC I inlet coupler and first jet 
stage are added to the outlet of the basic US P th roat design. 
6.3.5 Model construction of the USP throat with ACI coupler and first jet stage 
The model was constructed using Gambit® (A nsys® Inc.) solid modell er (Figure 6-1 0) 
and meshed usi ng an unstructured tetrahed ral mesh of 2 18k elements. The mesh was 
constructed as follows: meshing the wa ll faces of the 96 jets, the tapered face of the 
coupler and the upper face of the jet stage using a scheme triangular pave scheme with 
an interval size of I and then volume meshed using an interval size of 2. A finer mesh 
fo r the coupler and jet stage was used to give an adequate number of ce lls in each of the 
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96 jets and the inlet taper to each jet. The coupler and jet stage contain approximately 
II OK e lements (Figure 6-1 I). 
Table 6-4 Variables and settings used in the C FD modelling of the US P throat with 
ACI coupler and first jet plate 
Solver Fluent 6 Inlet Boundary Veloc ity 
Number of cells 2 18k Outlet Boundary Outflow 
Grid Tetrahedral, T -Grid Discretisation 2nd Order Upwind 
Eq uations solved U, V, W, P Solution algorithm SIMPLE 
Fluid Air Turbulence model Laminar 
Boundary Vin = -1.37 m/s Underrelaxation Default 
y 
~x 
Figure 6-10 So lid model of USP th roat ACI coupler and first jet stage 
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Figure 6-1 I Section showing tetrahedral mesh used for coupler and j et stage 
6_3.6 Results and discussion 
The residuals plot showed the initia l computations to be stable and a smoothly 
converging solution was indicated (Figure 6- 12). The residuals began to plateau after 
about 100 iterations by which t ime the velocity contours fo r the flow in the bend were 
still changin g but approaching a stable value and the fl ow through the jet stage 
appeared to be both stable and symmetrica l (Figure 6-1 3b). Further iterations produced 
no change in the res iduals but the veloc ity contours in the bend approached stabili ty 
while the fl ow in the lower secti on between the outl et taper of the US P throat and the 
inlet to the jet stage became unsteady. Beyond 300 iterations no change in the veloc ity 
contours through the mitre bend were observed but the flow in the lower cou pler region 
continued to fluctuate. The max imum velocity bei ng mai ntained along the posterior 
wall and the rec irculati on region adjacent to the outlet taper of the US P throat 
continued to fluctuate in size and pos ition (Figure 6- 14). 
The computati on was repeated using very low values of under relaxation (0. 15 fo r 
pressure and conti nui ty) and the solution monitored fo r 2500 iterations with no change 
in the outcome to the final so lution of cyclic flow in the bend and unstable fl ow 
between the bend and the j et stage, primarily in the region of the outlet taper. The 
solution did approach the des ired convergence criteri a after approx imately 100 
iterations but then began to diverge before stabilis ing above the convergence criteri a. 
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Figure 6- I 2 Res iduals plot for USP throat coupler and first jet stage 
During the early part of the computational solution the flow through the coupler region 
resembles that of an impactor jet stage (Figure 6- I 3b) with symmetri cal re-c irculatory 
regions. The 96 holes in the jet plate acts like a baffle and stabi li ses the fl ow by rais ing 
the pressure in the coupler. The area of the 96 j ets equals the outlet area of the US P 
throat and the 96 discharge coeffi c ients for the plane orifice fl ow increase the pressure 
in the coupler compared to the open ended o utflow used in Figure 6-5 to Figure 6-9. 
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Figure 6-1 3 Contours of velocity magnitude in US P throat with AC I co upl er and first 
j et stage a) stab le fl ow in mitre bend and un steady fl ow between bend and jet stage b) 
fl ow developing in mitre bend ba lanced flow between bend and jet stage. 
Figure 6-1 4 Re-circulation zones in outlet tape r that induce unstable fl ow in the coupler 
region 
In an attempt to so lve the problem several other co mbinations of pressure ve loc ity 
coupling and di screti sati on were tri ed including SIMPLEC and second order pressure 
scheme without suitable convergence being achieved. 
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A k-e tu rbul ence model was also evaluated based on the default k-e settings and the 
spec ification method being hydrauli c diameter with various leve ls of turbul ence 
intensity. The solution did fluctuate about the convergence criteria but the instabili ty 
was still present in the lower sect ion of the US? throat. 
It could now be conc luded th at the flow in the outlet region of the US ? throat is 
unsteady and an idea l stable so lution not achi evab le. Thi s in itself is an important 
conc lus ion and could go some toward s expla ining depos ition in the upper plates of the 
ACI. As the ma in criteri a fo r the work was to define the inertia l impaction 
characteristics of the US ? throat it was dec ided th at an altern ative convergence criteria 
was needed. The norm al convergence criteri a are fo r the entire fl ow domain . In th e case 
of inertial impaction the cri teria is fo r the velocity magn itude in the region of th e bend 
and not the full domain. As the convergence problem was assoc iated with the outlet 
region it was determined that a test of the ve locity magnitude was req uired . Assessing 
th e ve loc ity conto ur variation in a 3D fl ow is complex but as the objective is the inertial 
impaction it was decided that an assessment of the impacti on crite ria would be the most 
su itable assessment method. 
The meth od was re latively si mple to implement. The flow domain was initiali sed and a 
data fil e saved to di sc after every tenth iteration and all prev ious defaults used . The 
so lution was computed fo r 400 iterat ions producing 40 data fil es. 
Each data fi le was loaded sequenti ally and the depos ition effic iency fo r 20 flm 
aerodynamic diameter particles released from a plane 55 mm from the centre o f the 
mitre bend. The val ue of20 fUn1 was based on prev ious non CFO mode ll ing work(J88). 
The impaction effi ciency was then plotted against iterat ions and shown in Figure 6-1 5. 
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Figure 6-15 Probability of deposition for 20 ~lm diameter particles in the bend of the 
USP throat as a function of the iteration process. 
Figure 6-16 Residuals plot for USP throat, coup ler and first jet stage (data files used in 
figure 6-15) 
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A compari son of the data in Figure 6-15 compared to the iteration plot in Figure 6-1 6 
shows that although the residuals appear to plateau after only 50 iterations the fl ow in 
th e mitre bend continues to deve lop until approx imately ISO iterations beyond which 
the fl ow ve loc ity can be judged to cycle over a period of 60 iterations. The m idpoint of 
the cycle gives a probability of approx imately 0.5 and is close to the expected value for 
the ECD. Whil st this solution is not idea l it is considered adequate and fit for purpose if 
the frequency o f the flow fi eld vari ation is not requ ired. 
6.4 Temporal analysis of the flow in the USP throat 
6.4.1 Introduction 
The fl ow in the USP throat was previously shown to be un steady but with an apparent 
periodic frequency component and the objective is to establi sh the frequency of the 
variation. 
6.4.2 Methodology 
The fo llowing parameters were used to compute the so lution; 
Table 6-5 Variables and settings used in the CFD modelling of the US P throat with 
ACI coupler and first jet plate for unsteady fl ow so lution 
Solver Fluent 6 Inlet Boundary Velocity 
Number of cells 2 18k Outlet Boundary Outflow 
Grid Tetrahedral, T -Grid Discretisation 2nd Order Upwind 
Equations solved U, V, W, P Solution algorithm PI SO 
Fluid Air Turbulence model Laminar 
Boundary Vin - -1 .37 m/s Underrelaxation 0.9 fo r P and cont 
In transient computations it is important that the characteristic time of transit of a fluid 
element across a control vo lume does not exceed the time step. An initial time step of 
1.5 ms was determined from the requirement to keep the dimension less Co urant number 
< I based on the average cell ve locity and the average cell dimension in the coupler 
regIOn. 
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6.4.3 Res ults a nd discussion 
The convergence criteria (1 *10-4) was met in all time steps requiring approximately 30 
iterations at the start of the solution decreasing to 8-10 iterations per time step dur ing 
the cyclic flow stage. The convergence plot for the last few time steps is shown in 
Figure 6-17. The significant extra computational overhead required by the unsteady 
so lution can be judged by the number of iterations required in Figure 6-17 compared to 
those for the equivalent steady state solution in Figure 6-16. 
Figure 6-17 convergence characteri stics during the final few time steps 
The distr ibution of velocity magnitude through the bend region is complex and time 
dependent. A plot of the peak velocity determined for each time interval is shown in 
Figure 6-17 where the repeat period for the temporal variation is 105-115 ms giving a 
frequency of approximately 9 Hz to the flow variation. The variation in th e peak 
ve locity is not symmetrical with a sharp transition in the va lley of each cycle and a 
plateau in the region of the peak velocity and further high lights the complex nature of 
the fl ow variation within the critical inertial impacti on region. 
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The cyclic inertial impaction characteristics wi ll have significance if the spray plume 
delivery is of a similar duration (Figure 6-18). In most inhalation devices the duration 
of the spray plu me is typically in the region 90-250 ms and therefore can potentia lly 
al ter the impaction characteri stics between success ive actuations of the device. The 
mass fl ow rate out of the inhalation device is non linear and the duration of the 
max imum mass flow will change the impaction characteristics determ ined between the 
peak and trough of the cyclic veloc ity variation. 
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Figure 6-18 Variation in the peak velocity as a funct ion of time during the computed 
so lution. 
6.5 The effect of input flow direction to the bend flow in the USP throat 
6.5.1 Introduction 
The previous flow model assumed that the input fl ow was normal to the inlet boundary. 
In a ll commercial actuator designs the airflow into the device is not in the same plane 
as the flow out of the mouthpiece. The vast majority of designs conform to the general 
configurations seen in Figure 6-2. In most press & breathe (P&8) type actuators the 
fl ow genera lly transitions through an angle so mewhere between 70 and 90 degrees 
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relative to the vert ica l inlet axis. The two P&B actuators in Figure 6-2a and Figure 6-2b 
turn the flow 90 degrees or 75 degrees, respectively. The breath actuated device in 
Figure 6-2c turns the air in the oppos ite direction and through an angle of I 05 degrees 
(a CFD fl ow ana lysis for models of the two P&B actuator des igns can be found in A.IX 
Modelling airflow through commercia l actuators). 
The data presented in Figure 6-5 to Figure 6-9 and Figure 6-1 3 assu mes that the inlet 
veloc ity was uniform and normal to the boundary (x-velocity constant) with no velocity 
component in the y or z-coord inate . As di scussed above the in let veloc ity at the start of 
the mouthpiece section will depend on the fl ow between th e aeroso l and the actuator 
wall and the fl ow conditions around the stem socket region etc. The previous analysis 
treated the USP throat as an idea l impactor with fl ow velocity no rm al to the inlet 
boundary. In rea l use the input flow direction will change as a funct ion of the 
commercial actuator design being tested. 
The objective of the ana lysis presented here is to model the flow under two sets of 
conditi ons th at represent the typical fl ow direction of commercial de livery systems 
using assu med inlet veloc ity profiles. 
6.5.2 Methodology 
Two fl ow scenarios were prod uced by vectorin g the velocity at the inlet velocity using 
either an equal -x and - y-component or an equal - x and y-component. The velocity 
components were set such that the mass fl ow rate was the same as that used in the 
previous in line inlet analysis (Figure 6-13). Us ing thi s approach yie lds so lutions th at in 
general terms represent the extremes of directional airflow input. 
The genera lised inputs are used because each actuator design presents specifi c fl ow 
characteri stics due to factors such as can dimensions, c learance between actuator and 
can and the general shape and position of the stem block region where the aerosol in 
in serted . All other flow domain inputs are as given in the prev ious section. 
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6.5.3 Results and discussion 
The fl ow domain mesh and convergence cr iteria are identical to those used in section 
6.3. 
Close exam ination of the co ntours (Figure 6·19) show that the fl ow through the 
mouthpiece now mirrors the genera l fl ow behaviour found in the bend of the USP 
throat. The flow is forced more to one s ide due to the momentum effects produced by 
the sudden chan ge in fl ow direction. The highest veloc ity is along the lower surface of 
the mouthpiece region with a correspond in g increase in the recirculation regio n 
between the upper mouthpiece region and the tapered inlet of the throat (low velocity 
region). 
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Figure 6-19 Contours of velocity magnitude with an inlet flow transition in a 
conventional actu ator design (air flow turns through 90 degrees within the actuator, 
with the air inlet at the top of actuator around the periphery of the can). 
There are a total offive re-circu lation regions of fl ow within the USP throat section 
(characteri sed by areas of low velocity) one in the lower section outlet taper, the inner 
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bend and outer bend. These change significantly with flow direction whereas the ones 
at the mouthpiece exit change significantly with the direction of the inlet fl ow (Figure 
6-19 and Figure 6-20 There are two large re-circulatory regions within the coup ler due 
to the rapid divergence at the entrance to the coupler. 
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Figure 6-20 Ve locity contours with a simulated flow transition in a reversed flow 
actuator design like that found in the Autohaler™ device (inlet flow from below the 
actuator, oppos ite direction to that in figu re 6. 11 ). 
When the inlet a ir enters through the base of the actuator and is turned through 90 
degrees in the oppos ite direction to the standard flow as is the case fou nd in the 
Autohaler™ devi ce the contours now show the reverse effect seen in Figure 6-1 9. The 
maximum ve loc ity through the mouthpiece is now at the top of the mouthpiece (F igure 
6-20). The velocity contours predicted for the bend region are signifi cantly distorted 
from those computed for the fl ow downward into the actuator. The flow into the 
coupler region is more symmetrical than pred icted for the downward actuator fl ow. 
The change in fl ow characteristics for both the mitre bend region and the coup ler cou ld 
have a significant impact on the inertial depos ition determ ined in each region . The 
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magnitude of the difference is very much due to the characteristic shape of the bend and 
the induced velocity and re-circu latory regions that result from the mitre bend and the 
approaching velocity profi le. In practice this is a very sharp, kn ife edge bend with no 
rad ius and is fa r removed fro m the shape of the human throat. 
6.6 Particle tra cking in CFD 
6.6.1 Introduction 
The CFD software presents the capability to perform, Lagrangian particle tracking 
within the continuous phase. Two types of analysis are poss ib le, coup led and 
uncoupled. In the analysis of fl ow through the USP th roat section only uncoupled 
analysis has been used because it is assumed that the concentration of partic les in the 
pMD I spray is low and therefore does not interact or alter the basic fluid flow. 
The objective is to characterise a device independent base line deposition pattern for the 
USP throat without introducing device dependant variables such as propellant system, 
orifi ce s ize, valve volume etc. or to add fl ow complexity such as specific mouthpiece 
geometri es. The flow is assumed to be laminar as the Reyno lds number is below 2000, 
which is the thresho ld fo r the trans it ion from lam inar to turbu lent flow . 
6.6.2 Methodology for particle tracking 
In the partic le track ing studies the particles are assumed to be spherica l and selected to 
have unit density (1000 kg m-\ so that the particles' aerodynam ic diameter is identica l 
to the physical diameter. The use of unity density avoids the need to convert particle 
diameters between aerodynamic and physical diameters. The particles are released from 
points on a plane parallel to the inlet fl ow. The plane selected was e ither 65 mm in the 
x-coord inate (for throat deposition) or 120 mm in the y-coordinate (for first jet plate 
depos ition). 
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The wall boundary was set to the ideal condit ion of trapp ing particles that im pact on the 
wall to match the criteria recommended by the pharmacopoeia(2). Whe re it is stated 
that in cases where particle retention is poor, then surfaces should be coated to prevent 
particle bounce. The ideal impactor should reta in all particles that contact a surface 
otherwise the analys is of th e data becomes, as will be discussed later, very complex . 
The particle trackin g scheme utilised the automated tracking scheme with the 
trapezoidal method fo r the higher order scheme and impl ic it fo r the lower order 
scheme. The drag law se lected for particle tracking was the Stokes-Cunningham drag 
law. The Cunnin gham correction va lues were calcul ated us ing an appropriate method 
for the partic le diameters(248) 
In the assum ption used here the particle motion is d ictated only by the s ize of th e 
particle, particle drag, gravity, viscos ity of th e fluid , loca l fluid vectors (no loca l 
turbulence intens ity as lami nar assumption used ) of the continuous phase and contact 
with the wa ll. 
The modelled solut ions were for the now scenarios determined in the prev ious section 
fo r the US P throat fitted with a 100mm outlet extension (A PS configuration) and USP 
throat fitted to the AC I cou pler and the exit of the jets in the fi rst jet stage as the out let 
boundary (ACI confi gurati on). 
Particle size inputs fro m 8 to 30 ~m were considered as suitable for the constructi on of 
an inertial based in let effic iency curve. 
A fl ow rate of28.3 I min-I was used fo r all parti cle deposit ion studies except for one 
study conducted at 60 I min-I (a lternate AC I now rate used for DPI' s). 
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Table 6-6 Details of the particle tracking scheme. 
Option Setting 
Drag law Stokes-Cunningham 
Step length factor 5 
Maximum number of steps 400-1 200 
Maximum refinements 20 
Hi gher order scheme Trapezo idal 
Lower order scheme Im plicit 
Initia l particle velocity (mts) 0 
Diameter distribution Uniform 
6.6.3 Results and discussion 
The computed fl ow so lut ion showed, as prev io usly discussed, flow in the coupler 
whilst in the bend region th e fl ow was significantly more stable but did fluctuate by a 
few percent about a mean value. The variation is not significant and the presented 
analys is is based on the central tendency previous ly observed . 
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Figure 6-21 Inlet efficiency o f the US P fitted with I OOmm extension (A PS) and coupler 
plus first jet stage (ACl) 
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The data for the different configuration is shown in Figure 6-21 for an inlet flow normal 
to the inlet boundary and Figure 6-22 for the fl ow induced by the extremes of inlet 
fl ow due to the fundamental actuator inlet airflow des ign. 
The effic iency curves for the USP throat and the APS extended throat confi gurations 
(Figure 6-21) show very si milar ECD values o f 19 and 20 flm respectively. The 20 flm 
value agrees we ll with the value assumed by Vaughan(188} for numerical modelling 
but is s lightly hi gher than the flow rate corrected (60 I lOin- I to 28.3 I lOin- I) va lue of 
0Ison(231}. 
The direction of ai rflow fl ow through the actuator has a significant affect on the inertial 
throat deposition. Flow in through the top of th e actuator lowers the depositio n 
probability (P= O.S , SO% efficiency) to 16 flm whereas the fl ow through the base o f the 
actuator raises the 50% efficiency to 22 flm . 
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Figure 6-22 Inlet efficiency of the US P throat fined with AC I coupler and first jet stage 
(AC I configuration) with two basic actuator flow inlets, inlet from the top of the 
actuator (Figure 6-19) and from bonom of the actuator (F igure 6-20) 
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Figure 6-23 Flow of20 ~lm diameter particles into the US P throat co upled to a 100mm 
extension outlet (A PS) 
The particle track in g thro ugh the US P throat with the I OOmm extension c learly shows 
the potential problems of obta ining a representative sample of the aerosol due to the 
complex fl ow characteristics following the fl ow through the US P bend. Tracking 20 ~m 
parti cles (F igure 6-23) shows how the particle flow is distributed after contact with the 
posterior wall of the bend. Those particles not trapped by inertial impaction flow 
downward adjacent to the posterior wall whil st the remainder of the fl ow sp lits and 
fl ows around the wall of the down tube and merge approximately 2 diam eters 
downstream of the bend on the anterior wall. 
From the externa l views (Figure 6-23) the outflow appears full of particles but thi s is an 
illusion created by the fl ow structure. Wh en viewed from the outlet (Figure 6-24) the 
particles fl ow as a sheath close to the wall of the down tube. In Figure 6-24 the fl ow of 
the particle core can be seen necking as it enters the bend. The particles are co loured by 
location with the core particles being red and ye llow and the sheath particles are shades 
of blue and green. The core of partic les are exposed at the inertial impaction s ite 
because the nearly all the partic les in the upper part of the sheath either impact or re-
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c irculate in the upper corner of the mitre joint. The exposure of the core can be seen 
clearly in the three views presented in Figure 6-23. 
Figure 6-24 Flow of20 (.tm diameter panic les into the US P throat coupled to a 100 mm 
extension outlet (APS) showing panicles that pass through the mitre bend are confined 
to the periphery of the fl ow 
The formation of the sheath in the outlet tube has significant consequences for the 
effective sampling of the APS instrument when fitted with the 3306 impactor unit. The 
aerosol sampling tube is located in the centre of the outflow and will therefore not 
sample larger panicles that pass through the USP throat. The resultant particle size 
ana lys is will be truncated and und erestimate the particle mean and distribution 
parameters. 
The problem is not j ust confined to the larger parti cles because the 3306 APS sampler 
is designed to take an isokinetic sample from the base of the US P throat. The velocity 
contours indicate that the velocity is hi gher along the posterior wall and lower in centra l 
region when the isok inetic sampler of the APS is located. The location of the sampler in 
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the throat questions the va lidity of the isokinetic assumption and implies an 
underestimate of the large particles. 
, 
L. 
Figure 6-25 Streamlines generated from a line (x=-0.009 mm to 0.009 mm at z=O, y=-
0.030) below the centre of the bend showin g complex flow between the mitre bend and 
the jet stage and the impactor effect presented by the central region of the first jet stage 
The streamline traces in Figure 6-25 illustrate the complex flow in the down tube and 
the stream lines do not curve towards the first stage jets until just above the centre of the 
jet plate. In the Mk I ACI design the jets extended across the plate whereas in the Mk 11 
there are no centrally located jets and the approach to the jet acts like an impactor stage. 
Although the shape of the coupler gives the impression of aid ing the divergence of th e 
fl ow the shape only serves to create additional re-c ircu lati on regions within the coupler. 
Larger particles that penetrate the throat therefore have the potentia l to impact on the 
central region of the first jet stage. Even when larger particles negotiate this region th ey 
then have to turn through approximately 90 degrees to enter one of the 96 jets further 
increasing the risk of deposition on the jet entry or side wa ll as observed experimentally 
by Vaughan(188}. 
Deposition on the first jet stage increases the wall los5(188} and increases the effective 
ECD of the USP th roat. The efficiency of the jet stage is shown in Figure 6-26 together 
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with the previously determined US P throat curve and the resultant combined effic iency 
curve where the effective ECD drops to 16 fU11 . 
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Figure 6-26 CFD based efficiency curves for US P throat, first jet plate and comb ined 
efficiency. 
The depos ition predicted by the CFD particle tracking does not take account of the 
incidence angle. The wa lls of the flow domain are set to ' trap' any particle that makes 
contact. In practice particles with a decreasing angle of incident at the wall will have an 
increas ing tendency to bounce. In computed so lutions therefore the deposit ion will be 
higher than expected in the down tube of the US P throat and in the jets of the first 
stage. Vi sual analysis of the particle tracks through the jet stage indicate that a 
significant portion of th e particles that pass thro ugh the central impaction region of the 
jet stage enter the jet ri ng region with the angle of incident to the wall sufficiently low 
fo r there to be a high probability of particle bounce occurrin g. It can therefore be 
assumed that the curves in Figure 6-26 signifi cantly overestimate the degree of 
deposition . However practical use of the AC I indicates that deposition on the jet stage 
does occur particularly when the pre-impactor unit (com monly used for DPI dev ices) is 
not used. 
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The data in Table 6-7 shows the percentage of the delivered dose that was recovered 
from the first jet plate during the AC I testing in section 4.1. Depos ition seen in the 
so lution formulation is higher than for the suspension formulation which given th e 
significantly smaller particle size is at first surpris ing but is most likely due to the fact 
that all so lution droplets co ntacting the first jet plate w ill leave some residue whereas 
the solid particles within the suspension formulation will leave all (adhesion) or nothing 
(bounce) following impaction . 
Table 6-7 Jet plate deposition data for the formulations used in AC I studies (section 
4.1 ) 
Formulation Jet Plate depos ition (%) 
So lution 0.9 
Suspension 0.4 
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Figure 6-27 Fraction of particles ex iting each of the four rings of impactor jets in the 
first jet plate. 
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The distr ibution of particles ex iting the jet region of the first impactor plate would be 
expected to rema in constant but the modelled data shows the distribut ion changes as a 
fun ction of the pa rtic le diameter (Figure 6-27). While the perfo rmance o f the inner two 
rings remains independent o f the particle diameter th e performance of the outer two 
rings chan ges significantly once the particle diameter exceeds 16 Ilm . Above 16 Ilm the 
num ber of partic les ex iting the outer ring drops to zero at 25 Ilm the th ird ring becomes 
the primary fl ow path with up to 70% of partic les predicted at 28 Ilm . 
The distribution of particle diameters results fro m the des ign of the coupler stage and 
the resultant impactor like flow toward the centre of the j et stage (Figure 6-25). The 
average velocity through the coupler drops from l A m S-I in the lower regio n of the 
US P throat to less than I m S-I as the flow approaches the centre of the jet plate. As a 
result the grav itation compo nent in the partic le path computations becomes s ign ificant 
(Figure 6-28). The settling veloc ity is g ive by 
(6. 1 ) 
The settling ve loc ity of a 20 fun diameter partic le with a density of 1000 kg m-3 is 
0.012 m S·I and is therefore signi fica nt in relatio n to the average flow ve loc ity when 
computin g the rela tively long curv il inear part icle paths in the coupler region. 
In Figure 6-29 the inertial impaction characteristics of th e USP throat are compared at 
fl ow rates of28.3 I min-I and 60 I min-I 
The depos it ion predicted at 60 I min·1 shows a reduction in the ECD to 14 1lm 
compared to 20 fUn predicted at 28.3 I min-I and agrees well with the impactor stage 
ECD correction equation for fl ow at known refe rence(J87}. 
[ Q ]" dso = dso"! ; (6.2) 
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The computation assumes a fi xed diameter for the particle however the rate at which 
the initial droplets are converted to the final or res idual size will have a bearing on the 
deposition patte rn in the throat and potentially on detection rates in the APS if residual 
drop lets are still greater than 20 flm by the time they reach the back of the US P throat. 
In practice the momentum of the spray may well raise the inlet veloc ity to beyond the 
threshold for transition to turbulent fl ow (Reynolds Number >4000) and the plume 
fro m the pMDI will a lso be turbulent addin g to the turbulent component. Studies on 
depos ition in the US P th roat have shown deposition to be greater in the inlet 
secti on(l90} th an at the back of the throat as would be predicted by Stokes based, 
laminar approach. It should be remembered throat depos ition is a function of several 
mechanisms in practice the throat deposition will consist of inertial, plume induced 
dynamics and electrostatic depos ition (249-251) . Electrostatic charge has been shown 
to peak for part icles in the 1-3 flm diameter ran ge(250}. 
The combinati on of inlet region depos ition(l90} and inertial deposit ion has sign ificant 
impl ications fo r the interpretation of particl e s ize data as without a method to separate 
the depos ition modes into their source components it is imposs ible to accurately size 
and determine a distributi on parameter fo r the spray. The combinati on of these effects 
increases the uncertainty when making the comparison of data generated by di fferent 
impactor methods given the part that geometri cal variables and fl ow rate will have on 
the depos ition. The ex istence o f two deposition modes also helps to explain an often 
seen phenomenon whereby the throat depos ition decreases with increas ing fl ow 
rate(l91}. If the depos ition was by inertia only it would increase with fl ow rate. 
Particle bounce further complicates the issue; even coated surfaces are not guaranteed 
to retain all particles. It has been shown that when particle inertia increases solely fro m 
an increase in th e fl ow rate then particle retention can decrease due to particle 
bounce(183} 
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Based on the typical predicted droplet size ran ge for pMDI' s it can be concluded that a 
large portion of throat/induction port deposition will be due to mechanisms other than 
inertial deposition and throat/i nducti on port depos ition wi ll incl ude a large number of 
smaller particles that would not otherwi se depos it in thi s region and thi s factor was 
considered during the design of a more suitable sampler in let used in the pMDI drop let 
studies . 
There are man y other aspects of the spray system that need to be utili sed in order to 
fully characterise deposition but insufficie nt data is currently avai lable. In the current 
analysis no droplet evaporation mode ls have been used, impact with the wall has 
assumed total entrapment, there are no secondary break-up models invoked and the 
momentum induced by the pMDI spray has not been modelled. 
6.7 Computational F luid Dy namics Modelling of the ACI 
6.7.1 Introductio n 
Having studied the fl ow in the in let section of the AClthe objective of the work 
presented here is to study many of the perce ived des ign flaws(J88) in the basic 
impactor plate design us ing CFD modelling. The aim is to quanti fy the departure from 
ideal impactor performance found beyond the inlet section and to examine the validity 
of the as umptions used in the computationa l AC I model , such as (i) the nature of the 
fl ow through the upper stages where holes are present in the impactor plate, (ii) the 
imp lication of j et layout in the lower plates and (iii) the develop ment of the velocity 
profile within jet holes and the resulting departure from the Stokes based impactor stage 
performance as outlined in chapter 4. 
One limitation fro m the modelling perspect ive is the large number of jets found in the 
impactor jet plates of the ACI , in the upper plates there are 96 jets per plate and 400 per 
plate in the lower plates (plate 2 downward, in the 28 .3 I min-i confi guration) excluding 
plate 7 which has 201 jets. In the upper plates the 96 jets are a rran ged in four concentric 
rings with the 24 radial rows each of four jets. The des ign symmetry all ows the section 
to be divided into 24 equal segments each of 15 degrees. 
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The coupler wh ich was modelled in the previous section is located on the top of the 
AC I stack (Figure 6-30) and acts as the interface onto which the throat is connected. 
Inlet 
Coupler 
Stage and Plate 0 
~ stelge and Plate 1 
< Stage and Plate 2 
Stage and Plate 3 
• stage and Plate 4 
.. Stage and Plate 5 
• 
Stage and Plate 6 
• '"'"- Stage and Plate 7 
---- r: 
Filter 
r 
"- Outlet 
Figure 6-30 Schematic showing fl ow paths through AC I stack. Note the additional fl ow 
paths through the impaction plates of stages 0 and I 
6.7.2 Modelling the flow through impactor Plates 0 and 1 
The distribution and velocity of air flow through the jet array of the impactor is 
fundamental in determining the overall impactor efficiency characteristics. The 
objective of this section is to evaluate the fl ow characteristics fo und in plates 0 and I of 
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the AC I and how these flow characteri stics alter the shape of stage ECD from the ideal 
due to any non idea l fl ow characteristics. 
The flow through the throat and coupler was shown to be unstable and an ideal 
convergent so lution could not be determined. Based on thi s fact the design of each 
stage wi ll be viewed in iso lation to ensure that any modelling issues re lated to a stage 
are not cascaded to the next stage des ign therefore each stage will be treated as a stand 
alo ne design . The input boundaries will therefore be set to achieve the correct mass 
fl ow rate for the section as the objective is to understand the basic flow characteristics 
and any departures from the idea l. The objective being to assess the departures from 
uniform di stributi on of flows and pressures for jet holes at different radius and the 
exploration of poss ible implications of these departures. 
6.7.2.1 Methodology used to model flow through Plates 0 and 1 
Due to symmetrical layout of the jets in plate 0 and plate I, 24 identical segments can 
be defi ned resulting in a plane of symmetry defined every 15 degrees. One o f the 
resultant segment sections is shown below. In plate 0 the inlet fl ow is through a single 
boundary but the outlet fl ow is split between th e fl ow passing through the centre of the 
first impaction plate and that wh ich passes around the outside edge of the plate and 
through the inter stage flow path (Figure 6-31). In plate I there are two inlet fl ow 
boundaries (the two outlet fl ow boundaries from plate 0). A schematic for the fl ow is 
plate I is shown in Figure 6-3 2. 
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Flow In ~ ~ ~ 
FJowOut 
FJowOut 
Figure 6-3 I Jet plate 0 and fi rst impaction plate. Flow into plenum above jet plate 
assumed uniform . T he two outflows are th rough the ho le in the centre of the impaction 
plate and around th e outer edge of impaction plate into the plenum of next stage 
y 
Flow In Flow In 
Flow Out 
Flow Out 
Figure 6-32 Complex flow in stage I as the fl ow into plen um above jet plate is from 
two sources and the outflow is th rough two ex its (one th rough a hole in the centre of 
the impaction plate and one around the outer edge of the im paction plate) 
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The modelling of the flow through jet plate I is s lightly more complex than for plate 0 
as the bound ary conditions now consist of two inlet fl ow paths and two outlet flows . 
There are several potential so lutions to so lve thi s boundary problem. One wou ld be to 
use a velocity inlet and an outflow but this would require a waiting for the two 
outflows. The method adopted here was to assum e a pressure inlet and pressure outlets. 
As no boundary conditio ns are known it was assumed that the outlet boundary 
pressures would be s imilar as they both ex it into the large plenu m above the next stage. 
A best guess of the pressure drop was determined from standard orifice ca lcul ati ons and 
then addin g a pressure factor for the outl et flow between the jet plate and the impaction 
plate. The computed mass flow was then compared to the expected mass flow and the 
pressure adjusted until the de fined mass fl ow was obtained. The basic assum ption made 
here is that the pressure at the outlets is equa l. 
Tab le 6-8 Var iab les and settin gs used in the CFD mode lling of the ACI stage 0 
Solver Flu ent 6 Inlet Boundary Pressure 
Number of cells 59804 Outlet Boundary Pressure * 2 
Grid Tetrahedral, T-Grid Discretisation 2nd Order Upwind 
Eouations solved U, V, W, P Solution algorithm SIMPLE 
Fluid Ai r Turbulence model La minar 
Boundarv Pin=O, Pout=-4 .5 Pa Underrelaxation Defau lt 
Table 6-9 Variables and settin gs used in the C FD modell ing of the ACI stage I 
Solver Fluent 6 Inlet Boundarv Pressure (* 2 ) 
Number of cells 65546 Outlet Boundarv Pressure (* 2) 
Grid Tetrahedral, T-Grid Discretisation 2nd Order Upwind 
Eo uations solved U, V, W, P Solutio n algorithm SIMPLE 
Fluid Air Turbulence model Laminar 
Boundarv Pin=O, Pout=-9.4 Pa Underrelaxation Defa ul t 
6.7.2.2 Mesh Generation and Refinement 
The generation of a suitab le tetrahedral mesh is more complicated in plate I due to the 
number of inlet and outlet flow paths and the added complex ity of the tapered in lets to 
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th e j ets. In plates 2 to 7 of the ACI the jets have sharp edged inlets rather than tapered 
inlets. Previous modelling work of the ACI upper plates has simplified the mode lling 
process by om itted the tapered jet in lets(/ 97). The di scharge coefficient for a taper in let 
wi ll be hi gher than in the sharp edged jet. 
The so lid model was generated in Gambit® and the mesh generated usi ng TGrid™ 
The volume was meshed using and interval spaci ng of 0.8 giving an initial mesh of37k 
elements. 
6.7.2 .3 Grid Adaption 
There are two crit ica l aspects to the meshing and these are the number of elements in 
the main body of the flow domain and the number of e lements in the jet region required 
to ensure a stable, grid independent so lution . It is therefore necessary to adapt and 
refi ne the tetrahedra l mesh in areas of hi gh press ure or velocity change. These critical 
areas were determined by generating a relative ly coarse tetrahed ra l mesh and then 
refining the mesh in the criti cal flow regions. 
The CFD software provides several grid adaption methods. In the development of the 
grid, the iso-value technique was used. An in it ial convergent flow so lution was 
computed and the case and data files saved to di sc. 
The grid was then adapted using the iso value method with static pressure as the 
adaption variable using pressure ranges determined fro m visual inspection of the 
computed contours. The method resulted in a mesh refinement primari ly at the entrance 
to the jet regions. The saved case and data file reloaded and the process repeated with 
an appropriate pressu re range as the adapt ion criteria to refi ne the grid region between 
the jet outlet region and the flow region above the impaction plate. The increased mesh 
density in the jet region can be compared to the basic mesh density in Figure 6-33 for 
plate 0 and Figure 6-34 for plate I. The resulting meshes for plate'S 0 and I had 60k and 
66k unstructured tetrahedral elements respective ly. 
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Figure 6-33 Mesh for plate 0 after refinement with increased cell count in the jets and 
on the faces of the jet ex it and the impactor plate. 
Figure 6-34 Mesh for plate I after refin ement w ith increased cell count in the jets and 
on the faces of the jet exit compared to outer wa ll o f plenum 
6.7.2.4 Stability and Convergence Study 
The initial so lution convergence was achi eved after 61 iterations. A review of the initi a l 
data showed as expected a large variation in the ve locity vectors in the x and y- planes, 
with the primary com ponent being in the negative y-plane. Based on these observations 
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a series of so lutions were generated with various values of the y-veloc ity patched into 
the fl ow domain prior to the commencement of the iterati ve process. The patching of 
velocity vectors improved both the stab ili ty and convergence t ime for a sui tab le 
so lution. Initial velocity vectors were 0, -0.5, -] , -1 .5 , -2 and -2.5 m S·1 with the 
iteration counts 61 , 48, 28,33, 45, 52 respective ly. Based on the resul ts of the study a 
patched y-velocity of -I m S· 1 was used in the final solution fo r plate O. 
The process was repeated for plate I however in this case it was observed that during 
the initial phase the so lution was less stable than in plate 0 and was probably due to a 
combination of the re-entrant nature of the fl ow paths (the added complex ity of two 
inlet and two outlet fl ow paths) and the larger changes in both velocity and pressure in 
the region of the jet array. For a co mparable number of elements the number of 
iterati ons was 102. 
Initial y-velocity vectors o f were 0, -I , -2, -3 and -4 m S·1 with the iterat ion counts 102, 
69,5 8,72, and 79 respect ively. Based on the results of the study a patched y-veloc ity of 
-2 m S·1 was used in the fi na l so lution for plate I . 
6.7.2.6 Results and discussion for plates 0 and 1 
The modelling of the fl ow through the upper jet plates shows the fl ow is not evenly 
d istributed across the array of jets. The inlet pressure d istri bution is substant ially 
uni fo rm , but the pressure di fferent ial at the jet ex it plane is non unifo rm du e to the 
cross-flow in the ex it space. T hi s generates a radi al pressure gradient a long the j et hole 
outlets towards the two fl ow outlets from the stage (centra l ho le in im pactor plate or 
around outside of the impacto r plate) ( Figure 6-35). The flow toward the ho le in the 
impactor plate is through a convergent section, whilst that to the inter stage fl ow path is 
d ivergent. Prev ious modelling work(J97) has a lso highlighted this problem albe it to a 
lesser degree du e to the acknowledged limita tio n of the 2D model used in that study. 
The 3 D model allows the interaction of the separated fl ows as they emerging from the 
jets and how the flow of the inner jets splits to flow around the outer j ets. The results of 
the modelling work highli ght th e benefits of us ing 3D modelling to so lve complex fl ow 
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problems. The downside to 3D modelling is the increased mesh complex ity and the 
increase in computer processin g time required. The vo lumetric fl ow is sp lit by the 
differential outl et press ures (Figure 6-35) with the major portion of the fl ow being 
around the outs ide of the impaction plate. 
The ve loc ity contours for jet plate 0 ( Figure 6-36) show the velocity to be hi gher in th e 
in ner and outer j ets and that the outlet fl ow fro m the inner j et is asym metrical and 
directed towards the ho le in the impaction plate and resul ts in streaml ines th at are not 
directed downwards normal to the impaction surface as shown in theoretica l derivations 
of impact or streamli nes(J74-176, 195) and thi s has serious implication fo r the function 
of this jet in the designed im paction mode and coul d be one factor accounti ng for the 
long tai ls seen in the impaction effic iency calibration curve data fo r the first few plates 
of the ACI(J85, 186, 188). This pro blem is exacerbated in plate 0 by the fa ct that due to 
inertial effects a larger proportion of the particulate materi al passes through the inner 
two rin gs of the jet plate thereby putting a greater emphasis on the accurate function of 
the inner jet arrays{l88, 220) and will be exp lo red further in section 6.8 . 
The pressure and velocity contours for plate I a re shown in Figure 6-37 and Figure 
6-38 respective ly and the velocity and pressure distribution is sim ilar to that seen in 
plate 0 with the velocity higher through the outer two j ets. 
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Figure 6-35 Pressure drop in stage 0 at standard fl ow rate. 
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Figure 6-36 Velocity contours in stage 0 showing higher velocity in both the inner and 
outer jet. Inner jet shows non idea l fl ow characteri stics 
25 1 
Chapter 6 Computational Fluid Dynamjcs 
y 
h-x """'" '()5 
-1 
-15 
-2 
-25 
-3 
-3.5 
~ 
~5 
-5 
-55 
-6 
-65 
-, 
-15 
-8 
-8.5 
-. 
-9.5 
Figure 6-37 Pressure profil e in stage I with uniform pressure in plenum above jets and 
unequal pressure drops across jets with a greate r pressure drop across the inner and 
outer jets compared to inner pair of jets. 
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Figure 6-38 Velocity contours in stage I indicating higher velocity in both inner and 
outer jets. Flow at outlet of inner jet curved towards central hole in impaction plate_ 
The streamline traces (Figure 6-39) demonstrate how the fl ow splitting from the plate 0 
outlets is critica l in determinin g how the partic les that penetrate through stage 0 are 
presented to the jet array of plate 1_ 
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Figure 6-39 Streamlines (ten evenly spaced from centre of each jet) showing complex 
fl ow pattern due to presence of two inlet fl ow paths for plate 1 
6.7.3 Impactor Plate Flow Modelling in Plates 2 to 7 
As stated previously the dis tribution and velocity of air fl ow through the jet array of the 
impactor is fund amental in determining how the particles are presented to the fo llowing 
stage is cri tical due to the fundamental princ iple that errors tend to cascade down the 
impactor stack. Any failure of a plate to perform within its des ign window results in 
oversized material be in g presented to the next stage. 
The objective of thi s section is to evaluate the non ideal fl ow characteristics found in 
plates 2 to 7 and how the actual fl ow characteri stics alter the im pactor ECDs from the 
ideal as predicted by the Stokes equation. 
The fl ow problem is more complicated in lower plates by the layout o f the jet array. In 
plates 0 and 1 the jets are arranged in symmetrical pattern whereas in the lower plates 
the jet array layout does not facilitate th is approach, there is however one radial section 
where all 11 rings of jets are centrally aligned. In the upper two plates 24 identica l 
segments could be defin ed each at 15 degrees. In the lower plates the segments have to 
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be increased to 18 degrees to ensure an integer number of jets in each segment. When 
this segment size is used there are 20 jets per segment but each segment is sli ghtly 
different fro m the next because of the array layout. When defining these segments it is 
necessary to adj ust the position of a cou ple of jets that were intersected by the 
symmetry wall either into or out of the segment but maintaining the radial position to 
maintain the 20 jets per segment requirement to maintain the correct total mass fl ow 
through the fl ow domain and it assumed that these minor pos itional changes do not 
have a s ignificant influence on the overall mass flow balance. The so lution to the jet 
layout problem is not ideal but as the only other option was to model the entire plate 
but technica lly was not feasible . The segment chosen for the modelling is unique 
because it is the onl y segment that can be defined having a row of ho les down th e 
centre line with one hole from each of the II rings o f jets. It gives the most com plete 
view of the rad ial variation and spec ifically velocity variation through the jets as a 
function of plate position. 
The fl ow paths for plates 3 to 6 are identical in all respects except the dimensions of the 
jets. Pl ate 7 is unique in having only 20 I jets but it has a very similar jet layo ut to those 
found in plates 2 to 6 but with the even numbered jet rings removed and the number of 
jets in the inner two rings reduced by 50%. 
As the lower plates have very s imilar layouts it was concluded that only one needed 
modelling in detail. Based on personal ex perience of anal ys ing suspension form ulations 
plate 3 is genera lly the plate containing the most drug deposition and the jet layout of 
plate 3 has previously been studied (220) . 
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Figure 6-40 Plate 3 flow domain showing jet layo ut with in let (red) and out let (b lue) 
Tab le 6-1 0 Variables and settings used in the C FD modelling of the ACI stage 3 
Solver Fluent 6 Inlet Boundarv Pressure 
N umber of cells 194127 Outlet Boundarv Pressure 
Grid Tetrahedral, T-Grid Disc retisation 2nd Order Upwi nd 
EQ uations solved U, V, W, P Solution aI!!Orithm SrMPLE 
Fluid Air Turbulence model Laminar 
Boundarv Pin=0,Pout=-28 Pa Underrelaxation Default 
6.7.3 .1 Mesh Generation and Refinement 
The generati on of a suitable mesh is more compl icated than for plates 0 and I due to 
increased number of jets and the irregu lar spacing. In plate 3 the tota l volu me of the 20 
jets represents less than 0.5% of the tota l fl ow domain and it is therefore necessary to 
adapt or refine the tetrahedral mesh in these critica l areas. 
There are two important aspects to the meshing and they are the number of e lement in 
the main body of the fl ow domain and the number of e lements in the jet region required 
to ensure a stable solution. 
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Figure 6-41 Wall mesh for plate 3 
Figure 6-42 Mesh refinement of the jet region 
6.7.3.2 Grid Adaption 
The same process as used for plate 0 and I was app li ed. In this case a basic 
unstructured tetrahedral model was generated utili sing an interval s ize of 0.7 resulting 
in a 72k element model. An initial convergent flow so lution with appropriate boundary 
conditions was computed using the data in Tab le 6-10 and the case and data file s saved 
to di sc . 
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The grid was then adapted using the iso value method with static pressure and velocity 
adaption as described previously. The grid adaption techniques yielded grid refinement 
results that are difficult to evaluate. The grid check within Fluent® was implemented to 
check for potential problems. A detailed revi ew of the fl ow within the domain was 
conducted and the data from each adaption process considered together with th e data 
from th e initial grid . From the vi sual analys is it was clear, as expected, that the fl ow 
balance through the jet array was critica l in determinin g the resultant fl ow and critical 
pressure drop in the ex it channel between the j et array and the impaction plate. Based 
on thi s data and the need to ensure the grid structure in each jet was the same, to ensure 
no grid dependent flow variations were induced by the grid structure, the fo llowing grid 
generation methodo logy was used. 
The walls of the 20 jet were meshed separately each with 160 triangul ar face e lements. 
Then the unstructured tetrahedra l mesh was generated. Grid adaption based on the iso-
value technique was then used to refine only th e grid in the region between the j et array 
and the impaction plate using appropriate values for the static pressure. 
The result ing mesh for plate 3 had 195k un structured tetrahedra l elements with more 
than 70k of these elements were with in the jet array or close proxim ity to the entry and 
ex it regions. Sections of the refined mesh are show n in Figure 6-4 1 and Figure 6-42. 
6.7.3.3 Grid Independence Study 
The primary parameter fo r determining the relative jet velocities is the pressure pro fil e 
in the fl ow between th e jet array plate and the impaction plate. The grid independence 
study used thi s parameter as the determining factor. 
Four meshed models were produced, with 22k, 60k, 195 k and 570k e lements, with the 
later two having grid refinement as outlined above. Convergent solut ions fo r each 
model were com puted using identical boundary conditions (inlet to outl et pressure drop 
-28 Pal . 
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The parameter chosen as the metric was the pressure drop across the impact ion plate as 
this was determined from the fit for purpose perspective give that the flow across the 
im pactor plate surface is the cri tica l factor in determini ng the relative velocity in each 
jet. The metric was also chosen because published experim ental data(220) was 
avai lable for a subsection of the pressure drop. The radial pressure was experim enta lly 
measured as 4 .2 Pa and the corresponding region in the fi nal so lution was 4.5 Pa. It 
should be noted that the experimental data was obtained fro m the viable version of the 
im pactor and the pharmaceutical version is the non-viable configuration however the j et 
to plate distance should be within the manu facturer 's to lerance. The resu lts ind icated 
the so lution was fi t for purpose. 
The pressure was then eva luated fo r each of the grids to determ ine at what level of 
mesh refi nement a suitab le grid independent solution was reached. The pressure drop 
results were 3.5, 6.2, 6.8 and 6.8 Pa respectively and it was conc luded that 195k 
elements were suffic ient to prod uce a grid independent solution. 
Tab le 6-1 I Grid independence study fo r AC I th roat 
Mesh s ize Criti cal Pressure drop (Pa) 
22K 3.5 
60K 6.2 
196K 6.8 
570k 6.8 
6.7.3.4 Stability and Convergence for plate 3 
The stab le so lu tion convergence plot for plate 3 is shown for a convergence to lerance 
of I * I 0.3 The x and y-ve locity residuals were the control li ng factors as this is plane in 
wh ich the flow transit ions from the jets and exi ts across face of the im paction plate. 
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Figure 6-43 Plot of residuals during convergence of so lution for plate 3 
6.7.3.5 Results and discussion for Plate 3 Modelling 
From plate 3 onwards the airflow between stages is via th e inter stage fl ow path only as 
there are no holes in the centre of the impaction plates beyond plate I . The a irflow is 
turned through 180 degrees as it passes around the outer edge of the impaction plate 
(F igure 6-44) before entering the plenum above the next j et stage. 
Impaction Plate 
Figure 6-44 Streamlines and 15 urn partic le tracks (the streamlines are indicated by the 
arrowed lines) in inter stage fl ow section of the ACI demonstrating how the hi gher 
inertia particles migrate to the outs ide of the fl ow. The effect has most significance 
when consider ing the fl ow and di stribution in the upper plates of the AC I. 
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The fl ow into the plenum of plate 3 is through a narrow annular s lit that runs around the 
periphery of the plenum. Due to the depth of the plenum and the directional nature of 
the inlet flow the fl ow is directed across the plenum under the impaction plate of the 
stage above resulting in the fl ow converging towards the centre thus creating a re-
circulatory fl ow. The re-circu latory fl ow interacts with the incoming fl ow and 
influences the flow direction with respect to the jet layout. The velocity vari at ion can be 
clearly seen in the velocity contour plot (Figure 6-46). The pressure drop, across the top 
of the impaction plate where the fl ow ex its below the jet stage, creating the veloc ity 
variation can be seen in the pressure contour plot (Figure 6-45). 
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Figure 6-45 Pressure contours in plate 3 note large relative pressure drop across the 
impaction plate surface and re-circulation zone due to direction of flow into plen um. 
260 
Chapte r 6 Computationa l Fluid D ynamics 
v 
Lx """"'-" 
" 3 ,. 
" 
" 
" , 
OB 
" 
" 
" , 
DB 
06 
" 02 
Figure 6-46 Ve locity contours for fl ow in plate 3 with re-circulation zone and increase 
jet velocity as you move from inner most jet to outer most jet. 
Particle tracks in this fl ow show how the particles can be separated by inertia resulting 
in larger part icles migrating to the outside of th e fl ow resulting in a particle size 
gradi ent within the fl ow as it enters the plenum of the next stage as shown 
schematicall y in Figure 6-47. The fl ow with the larger concentration of larger diameter 
particles ( Figure 6-44) is directed primarily towards the outer jet rings and the air with 
the fi ner particle size material is directed primarily towards the inner jet rings (F igure 
6-47). This would not be a problem if the fl ow ve locity through each rin g o f jets were 
identical. The fl ow analysis clearl y shows that this is not the case and the ve locity of 
the air progress ive ly increases with radius from inner ring to outer ring. 
, 
h-. 
Figure 6-47 Re-c irculation fl ow in plate 3 with potentia l partic le size separation process 
induced by fl ow in inter stage connecting fl ow path (see Figure 6-44). Particle paths 
coloured by entry position through inter stage fl ow path . 
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6.8 Modelling of the flow velocity profile within the jets of plate 3 of the ACt 
The impaction efficiency ECD and shape of the impaction effic iency curve of an ACI 
impactor stage is based on the particle impacti on characteristics defined by the Stokes 
equation and the c lassical mathematica l derivation of impactor efficiency assumes a 
si ngle uniform input velocity(J95}. 
The objective of the modelling presented here is to demonstrate how, due to jet design 
factors , a sign ificant deviation from idea l ex ists in real cascade impaclOr designs and 
that these deviations have a significant influence on the in struments real performance. 
The development of a paraboli c ve locity profile for a Newtoni an fluid fl owing in a 
channe l is a well defined fu nction of the Reyno lds number and empirica l equations 
exi st that define the channel entry length necessary fo r fully developed laminar fl ow to 
develop(J8. /83). 
The empirical equation approach is rather li mited because it only defines the entry 
length requ ired for fully developed fl ow it does not predict the velocity variation at a 
given di stance from the entry. The output from the CFD modelling will be used to 
demonstrate and validate the development of the non ideal velocity profiles seen in the 
AC I plate 0, I and 3 (but is also app licable to in a ll scenarios where the jet length, 
diameter and Reyno lds number are known) mode lli ng work and the existing empiri ca l 
equatio n used to validate the CFD results. 
6.8.1 Methodology for model construction in jet flow analysis 
The model consists of s imple jet (tube) geometry with the diameter of the jets present in 
plate 3 of the ACI (0.7 1Imm). The length of the tube was defined as 5 mm and was a 
design compromise based on the empi rica l entry length requirement to give sufficient 
length to full y characterise the development of the velocity profile in plate 3 and over 
the range of jet ve loc ities found in the AC I. A structured hexahed ral meshing scheme 
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was used with refinement in the near wall region to fully capture the rapid change in the 
veloc ity profil e in the near wall region. 
The grid was refined towards the wall of the j et as shown in Figure 6-48 . The outlet 
was defined as a simple outflow. Based on th e previous grid independence study for 
plate 3 it was concl uded that as this mesh had a sufficient element density given the 
re lat ive ly simple flow path. The inlet was set as uniform ve loc ity acting normal to the 
inlet plane. Three separate studies were conducted with Reynolds num bers of 40,400 
and 4000. 
Figure 6-48 Mesh used for modelling velocity profiles. Cross section shows detail o f 
mes h refinement close to the wall 
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Table 6- 12 Variables and sen ings used in the CFD modelli ng of a stage jet velocity 
profi le 
Solver Fluent 6 Inlet Boundary Velocity 
Number of cells 377 10 Outlet Boundary Outfl ow 
G rid Hexahedra l, T-Grid Disc retisation First Order Upw ind 
Equa tions solved U, V, W, P Solution a lgorithm SIMPLE 
Fluid Air Turbulence model Laminar 
Boundary 0.82, 8.2, 82 m/s Und errelaxation Default 
6.8.2 Res ults a nd discussio n for the fl ow velocity profile in impactor jets 
The range of Reynolds numbers for jet fl ow within the ACI range from 40 to 800 and 
fall well within the range studied . The inlet throat Reynolds numbers range 2000 to 
6000. The upper range of 4000 was defined by the transition to turbulent impactor 
depos iti on(201) where secondary depos ition occurs and to demonstrate how critica l the 
Reyno lds number is in determ ining the idea l impactor characteristics. No turbu lence 
mode l was used for the higher Reynolds number study because in stab le, smooth 
wa lled, steady state fl ow, turbu lence is not generally seen until the upper limit of the 
Reynolds number range for the trans itio n from laminar to turbul ent flow and the length 
scales of the jet are small. 
The range of Reynolds numbers was chosen to cover not on ly the full range o f va lues 
found in both the Mk I and Mk 11 ACI designs, where the Reynolds numbers range 
from 63 to 782 at 28.3 I min-' , but extended up to the transition from laminar to 
turb ulent flow which corresponds to the region where the flow velocity profile 
approaches the max im um with respect to the theoretica l derivation of the ECD 
efficiency based on Stokes theory. Although the ana lysis here is based on the d iameter 
of plate 3, the rapid development of velocity profiles is critical to most of the jet plates 
found within the AC I device, especially the upper impaction plates (plates 0 to 6). 
As the velocity range covered by the CFD modelling covers two orders of magnitude 
the ve locity data was normalised to the max imum central ve locity determ ined at a 
di stance of 1.5 mm from the inlet. 
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The modelling of air flow for AC I plates 0, I and 3 indicated that the velocity was 
much higher down the centre of the jet than in the regions near the wall ; however this 
work used a limited cell count due to the overall complexity of the plate model s given 
the number of j ets and fl ow paths mode lled . The results presented here quanti fy th e 
velocity profile seen in these earlier model s. The models were created with additional 
jet length so the development of the ve loc ity profile cou ld be accurately modelled and 
compared to the widely used empirical equation(J8, /83). Th is process also served to 
aid the validation of the C FD modelling work by providing comparative data. 
In inviscid, plug, or "top hat" fl ow velocity profi le is essentially uniform except where 
the fluid approaches th e boundary wa ll of the jet. In viscid fl ow will occu r when a fluid 
flows from a reservoir into a pipe or tube. The viscous flow develops first at the wall 
where the no-slip conditi on req uires the fluid to stick to the wa ll and the invisc id core 
wi ll transition to viscous flow and the rate of the deve lopment wi ll depend on several 
variables and is often expressed in term s o f pipe length or the number of pipe diameters 
the flow must travel into the pipe before viscous, full parabolic profile is fully 
developed. The empirical equation for the entry length necessary to ach ieve fully 
developed viscous flow in a pipe or tube has be defined as 
L = 0.06vpD' 
1) 
(6.3) 
The velocity v of the fl ow, the diameter D and two fluid properties, density p and 
viscos ity " , define the di stance L to th e po int at whi ch fully deve loped viscous fl ow is 
achieved. The empirica l eq uation has limited use in impactor jet design because of the 
relatively short jet lengths and gives no measure of the change in velocity profile with 
distance. 
A key aspect in controll ing the performance of cascade impactor jet design is the air 
velocity profi le that develops during passage through the jet. The ideal velocity profi le, 
giv ing minimum variation, is where the ve loc ity profile is uniform and can be 
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approximated by a single velocity value as used in the Stokes equation where the 
impaction parameter is directly proportional to the velocity. It is therefore evident that 
th e more variation there is in the velocity component within the jet the more variation 
there wi ll be in the impaction probability of the particles being carried in the fluid 
stream . A uniform fluid velocity is req uired to give the narrowest ECO curve for the 
impactor stage. 
The Reynolds number for the fluid fl ow in ajet on stage 3 is 141 (188) and th e pred icted 
velocity profiles are shown in Figure 6-49 to Figure 6-5 I. A comparison of the ex it 
velocity profiles in plate 3 for different Reyno lds numbers is shown in Figure 6-52. 
In Figure 6-49 where the Reyno lds number is high (Re=4000) the effect of the length of 
the jet on the ou tlet flow distribution is insignificant because the veloc ity of the core 
remains almost constant across most of the jet width and represents a good impactor jet 
design . In contrast, Figure 6-5 I shows that at low Reynolds numbers (Re=40) the 
effect of jet length on outlet flow distributi on is small, but in thi s case at the other end 
of the sca le as a ll jet lengths give non idea l velocity profiles as all but the very shortest 
jet lengths approach fully developed parabolic flow profi les. 
The data generated for a Reynolds number of 40 shows good agreement with the 
empirica l equation. The equation predicts a fully developed flow at a di stance o f 1.7-
mm and the data in Figure 6-5 I shows that at any jet length over 1.5 mm th e fl ow 
profile approaches parabolic. A plot of the CFO velocity data at a distance of5 mm fits 
well (r2 = 0.9994) to a parabo lic curve (Figure 6-53). 
The empirical equation only defines the point where fully developed flow is deem ed to 
be reached and thi s is the main limitation with that approach. With the CFO modelling 
it is possible to study the development of the velocity profil e at lengths less than those 
predicted empirica lly and therefore provide a bene r estimate of the jet velocity pro file 
development. 
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Figure 6-49 Velocity profiles at different distance along ajet with the diameter of ACI 
plate 3 showing lack of viscous flow development at a Reynolds number of 4000. 
The results for the jet velocity profile suggest that the impactor ECD curves of the AC I 
is likely to be more di storted from the idea l than wou ld be predicted from a simp le 
application of the Stokes number. In application of the Stokes number (6.4) the veloc ity 
is assumed to be constant but in the case of plate 3 in the ACI the veloc ity profile is 
parabolic where the centreline velocity is twice the average velocity. Therefore the 
Stokes equation needs to modify to account for thi s variation as discussed in chapter 4. 
(6.4) 
The ve locity can now be defi ned (6.5) as a function for the veloc ity range, in the case of 
the upper plates in th e ACI a parabolic function can be used. 
p pd~CJ(r / d, Re, I / d) 
Stk = '-"--"-=-'-------'-
91)1I'} 
(6.5) 
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Figure 6-50 Velocity profiles at different distance along ajet wi th the diameter of AC I 
plate 3 show ing an increase in the development of viscous fl ow at a Reynolds number 
of400. 
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Figure 6-51 Velocity profiles at different distance along ajet with the diameter of AC I 
plate 3 showi ng fully development to full viscous fl ow at a Reynolds number of 40. 
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Velocity Profile vs Revnolds Number 
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Figure 6-52 ompari son of velocity profi les at the outlet ( 1.3 mm) of a j et in the AC I 
plate 3 fo r a range o fReynolds numbers showing the development from the ideal "top 
hat" profile to the full y deve loped parabolic ve loc ity pro file. 
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Figure 6-53 Parabolic fit (line) of the veloc ity data (points) at 5 mm fro m the inlet in a 
jet o f diameter 0 .7 11 mm (ACl plate 3) indicat ing a fully developed laminar fl ow for 
Re=40. 
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6.9 Conclusions 
~ Flow in the outlet section of the USP throat is un steady and in both th e APS 
(extension tube) and ACI (coupler and first stage) configurations. The flow is 
induced by the tapered outlet section and re-ci rcu lation on the ante rior wa l I. The 
introduction of the symmetrical 96 jet first stage fails to stabilise the fl ow in the 
outlet. 
~ The fl ow through the coupler region is unsteady and temporal CFD analys is 
shows a periodic nature to the instability. The frequency has a periodicity of 
I I Oms and the velocity variation and panic le deposition is not symmetrical. 
~ The flow through the divergentl y tapered coup ler does not a lter the basic fl ow 
and the taper secti on induces no divergence in the core fl ow. The fl ow does not 
diverge until just above the first jet plate. 
~ The fl ow in the outlet sect ion of the extension splits and recombines o n the 
anterior wall and larger panicles migrate to form a sheath resultin g in a very 
low pro bability of these larger panicles being sampled by the iso- kine tic probe 
used in the 3306 impactor unit of the APS. 
~ The directional nature of the fl ow through the actuato r alters the funda mental 
fl ow through the inertial impaction zone of the US P throat and will therefore 
shift the Stokes based impaction characteristics with the ECD moving severa l 
microns up (22.5 flm) or down ( 16 flm ) fro m the nominal inertial impact ion 
value (20 flm ) produced when the input is normal to the inlet. 
~ The central region of the first impactor stage acts like an inertial impactor and 
has a ECD slightly higher than the US P th roat however the losses of the two 
combined lower the input ECD to 18 ).Un. A large proportion of the pred icted 
deposition on the first jet plate occurs on the s ide walls of the jets and the is an 
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increased probability this material will bounce through to the impactor stage 
below due to the low angle o f incidence with the jet wa ll. 
):> The design of the USP throat co upler region does not facilitate the smooth 
trans it ion of the flow between the throat section and the first impactor plate. As 
a result the flow diverges very rapidly above the plate surface and is the turn 
through 90 degrees at the entty to the impactor jet array. This non ideal design 
is probably the reaso n the taper inlets were introduced in the Mk 11 design to 
overcome depos ition in the jet entry region that results from the poor fl ow 
design. 
):> The effect of gravity co ntributes a s ignifi cant proportion of the losses in the 
coupler to first impactor plate due to the impactor type fl ow path introduced by 
the redesign from Mk I to MK II versions and the change in both the fl ow 
directio n and ve loc ity. 
):> The distribution of material entering the fo ur jet rings varies as a function or the 
particle size. The quantity of material passing through the inner two rin gs is 
effectively independent of the particle diameter whereas the outer two rin gs 
demonstrating a significant dependence of particle diameter with the o uter ring 
dominating at lower particle diameters and the third ring at diameters over 20-
!till with the fl ow of particles in the outer ring dropping to zero at diameters 
greater than 25 J.UTI . 
):> The comparison of the modelled fl ow through the USP and TS I inlets 
demonstrates the significant variation in fl ow structure and results in very 
different Stokes based impaction characteristic that make comparison of the 
data generated by different throat designs very subj ective. 
):> The flow through the jets of plate 0 and I is not balanced resulting in a higher 
velocity through the inner and oute r rings and a lower velocity through the inner 
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two rings. The streamlines through the inner jet rings of plates 0 and I highlight 
a design failure as particles can miss the impaction plate and pass straight 
through the central hole in th e impaction plate and deposit on plates lower down 
the stack. The fact that these particle do not deposit results in the widening of 
the stage efficiency further from the ideal. Should these particles be o n the 
larger end of the size range they could well have sufficient momentum at 
subsequent impaction stages to bounce and result in the ir deposition becoming 
unpredictable. 
~ The flow downstream of the mitre bend in the USP throat is not balanced with 
respect to the distribution seen at the first plate and means the directional nature 
of the plume will induce different distributions at the first stage which will 
based on the above be subject to further variation due to the non uniform jet 
velocity seen at each jet ring. 
~ The velocities through the jets of plate 3 are not uniform but increase 
progress ively from the inner to the outer jet array. The result of this design fl aw 
is to widen the stage effic iency curve increas in g the departure from the ideal 
impactor characteristics and increasing uncertainty in the resulting impaction 
data. 
~ The design of the flow through the inter-stage flow region coupled with the re-
circulatory nature of the flow in the plenum above the jet array has the potentia l 
to distribute particles non-uniform ly to the jet array and widen the efficiency 
curve. 
~ The profile of the air velocity through the each of impactor stages in the ACI is 
not ideal because a significant flow development can take place and the flow 
can approach the fully developed parabolic velocity profile. The development of 
a velocity profile increases the velocity range within the jet and increases the 
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departure from the ideal with a resultant increase in the efficiency curve and 
further increase the departure from the idea l inertial impactor response. 
>- The design of a new inlet sampler has been designed and flow modelled to 
overcome many of the deficiencies identified in the USP throat and should a id 
the understanding and interpretation of the atomisation process. 
>- The modelling of the airflow through two commercial actuators has 
demonstrated that the change of airflow direction in thi s design type induces a 
pressure differential across the emerging spray plume in the mouthpiece region 
(between the top and bottom) and the results in the downward deflection of the 
spray plume often reported in this type of design. Hi gh speed laser sheet video 
imaging has shown the flow in the Autohaler™ design type (reverse inlet fl ow 
direction) to be horizontal or s lightly inclined in the upward direction and it is 
therefore proposed that th e inlet fl ow is fundamenta l in determinin g the 
directional nature of the plume from th e mouthpiece . 
>- The work conducted here does not im ply that the USP throat or the ACI are not 
reprod ucible instruments but the interpretation of data generated should be 
studied in detai l to extract as much info rmatio n as possible before making 
judgements on particle size and di stri bution particularly where th ere is 
non linearity in the data. 
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7. Actuator flow and droplet formation 
7.1 Introduction and objectives 
It is apparent from the computationa l fl ow modelling of the US P throat, the atomisation 
studies with the APS and the ACI modelling that both the transient prope llant pressure 
and nature of the fl ow exiting the actuator req uires a fundamental development in 
understanding if effective predictions fo r atomisation and spray momentum are to be 
developed with suitab le accuracy. The propellant pressure and the mass fl ow directly 
influence the thrust generated by the spray plume and the impact that the thrust will 
play in rais ing th e momentum and turbulence in both the US P throat and other impactor 
inlets. The mass fl ow rate and the nature of fluid fl ow (qua lity, metastabili ry, phase 
slip, temperature, and homogeneity) will contro l ex it velocity and subsequ ent 
atomisation processes. 
Reference to the current state of the art regarding the modelling of fl ow through th e 
pMDI is fa r fro m idea l with many of the pred icted outputs from the models showing 
significant dev iation from those determined fro m experimental data. A fundamenta l 
requ irement to understanding the fl ow and subsequent atomisation processes wi ll 
depend on identi fyi ng and address in g the true nature of the two phase fl ow through the 
device and the resultant plume velocity. 
The objecti ves fo r the wo rk presented here are to quanti fy the effect of spray force on 
throat momentum, compute in itial droplet data by extrapo lating res idual partic le s ize 
data using assumptions for flashin g and heat transfer and compute the actuator fl ow 
conditions at the start of the delivery process and compare predictions to th ose of th e 
C lark atomisat ion model. 
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7.2 Expansion chamber pressure measurement 
7.2.1 Introduction and objectives 
The delivery pressure in the expansion chamber has been shown to be a fundamental 
variable in the modelling of the particle size emitted by the pMDI(4, 141). 
The objective of the work presented here is to deve lop a suitable method and data 
collection methodo logy fo r the transient pressure response generated during metered 
operation of the pMDI. 
7.2.2 Method - Pressure measurement 
In o rder to success full y measure the pressure durin g the rapid delivery from metered 
do e inhalers it was important to have a transducer small enough to fit un obtrusive ly in 
the critical expansion chamber region of the actuator. 
To achieve this objective and given the constraints of size and location, it was decided 
to des ign and manufacture a custom transducer based around the core sensor of a 
commercial transducer. A transducer with a suitable pressure range (piezo differential 
pressure, 0-200 psi, RS components) and the bas ic transd ucer geometry was modified 
as follows: 
The threaded connection end of the transd ucer was machined away and the current 
sensing vo lume reduced further by the removal of material close to the sensing area of 
the transducer to reduce the dead volume to a minimum . A stainless steel tube (outside 
diameter 0.5 mm and internal diameter 0.38 mm) was cut to length (20mm) and then 
carefully bonded to the transducer body, close to the sensing element. 
The transducer was connected to a 9-volt, dc stabilised power supply and the o utput 
from the transducer, in the m V range, was connected to a commercial computer 
interface board having a variable, software selectable, hi gh gain amplifier. (See A.I 
Pressure transducer fo r details of response time and ca libration). 
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The s igna l was recorded using a custom written data acq uisiti on so ftware utili ty with 
the recording trigger (pressure leve l) being set via the custom softwa re The output from 
the acquis it ion software was in the form of a print fil e that co uld be imported directly 
into a Microso ft® Excel® spreadsheet or Math cad® for further processing and 
analys is. 
Cone 
area Onflce 
Stemredge 
ExparlSlon 
ctlamber 
mass steel tube renSducer 
Figure 7-1 Location of pressure transdu cer in re lat ion to exit orifice 
After carefu l consideration it was determ ined that the most sui table location for the 
transducer was in the wall of the expansion chamber directly opposite th e orifice 
entrance (Figure 7-1 ). A suitable diameter hole was drilled into the actuator and the 
resul tant hole was th en reamed with a taper too l until the stainless steel tube formed an 
interference fit into the actuator. 
7.2.3 Experimental method 
The aerosols used were commercial placebos (QVARTM) using a 50~1 Spraym iserTM 
metering valve. Three sets of moulded actuators were used w ith actuator ex it orifice 
diameters of 0.3 , 0.4 and 0.5 mm (va lve orifice diameter 0.5 mm). The un its were 
primed with 5 shots and stored valve down at ambient laboratory cond itions 
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(approximate ly 17C) fo r 24 hours prior to testing. During testin g the unit was fired 5 
times and the resulting profil es averaged to give one pressure time profil e. 
7.2.4 Results and discussion for the preliminary pressure profile study 
In the experimental study the pressure rise time (time taken to reach 90% of the peak 
value) is typica lly 10-20 ms and the peak pressure is reached in 20-35 ms as shown in 
Figure 7-2. The pressure profiles fo r all 3 orifice diameters show the same in itia l trend 
but then diverge due to the size of the ex it orifice and the resul tant mass fl ow of 
propellant out of the expansion chamber with the result that the smaller ex it orifice 
takes longer to reach a peak value and to discharge the same volume of 
propellant/formulation. The result is that all three systems show diffe rent peak 
pressures fo r the same propell ant system and bo und ary conditions with the exception of 
the ex it orifice diameter. This is an important aspect as it demonstrates metastabili ty 
due to limitations in nucleation and bubble growth rates. 
Once the peak pressure is reached there is no plateau, only a steady decay of pressure. 
As the pressure decays in the expansion chamber the pressure signal can be seen to 
undulate and cou ld indicate a region of instab ili ty within the expansion chamber region. 
Once the pressure has decayed by approx imate ly 50% the pressure signal becomes 
stable as the pressure decays back to zero. 
The rate of pressu re decay being a function of system variables in thi s case the ex it 
orifice diameter. Other system variables that will influence the shape and duration of 
the pressure profil e are th ose that contro l expansion and fl ow such as valve ori fice 
diameter, metering chamber vo lume and expansion chamber volume. The pressure of 
the propell ant is very much a fu nction of the environmenta l temperature and the storage 
and testing temperature can signi ficantly alter the pressure. 
The tota l duration of the pressure pulse is easily defi ned however the overa ll shape of 
the pressure pulse is irregular with half life pulse widths of 110, 160 and 290 ms. 
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Figure 7-2 Experimenta l pressure profiles for 3 exi t orifice diameters 
7.3 Spray force measurement 
7.3.1 Introduction and objectives 
Measurement of the thrust produced by the spray provides a measure of the fl ow 
characteristics of the pMDI and allows comparison between several key actuator design 
parameter both from the actuator design standpoint as well as the formulation. 
The re lat ive momentum of the spray is bel ieved to be s ignificantly greater than that of 
the basic ai rflow rate used in standard testing using cascade impactors and the object ive 
was to assess the dynamic range for spray force and momentum for a ran ge o f ex it 
orifice diameters and propellant temperature. 
Thrust measurements presented here were cond ucted in unconstrained flow condition. 
The thrust produced by the pMDI is the product of mass fl ow rate (m') and velocity (u) 
and momentum can be computed by integrating the mass fl ow rate in 7. 1 over the 
duration of pulse. 
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FT = m· u (7. 1 ) 
7.3.2 Method - Spray force measurement 
The spray force measurement rig consists of a fo rce transducer, an impaction plate 
(target) an electronic interface and a PC utilis ing customised data logging software. 
The force transducer (model 3 I tension/compress ion load cell, RDP e lectroni cs) was 
conn ected to the e lectroni c interface (S7DC strain gau ge transdu cer amplifi er, RDP 
electronics) and a stabil ised voltage power supply uni t The output of the transd ucer 
amplifier was connected to a PC fi tted with a 12 bit analogue to digita l data acq uisition 
card. The system was driven by a custom set of software codes. The transducer target 
was constructed from a IOcm diameter, 1.5 mm thick, ridged card to minimise we ight 
(Figure 7-3 ). The card was bonded to a screw insert supplied with the transducer. 
Several types of construction fo r the target were evaluated with the rid ged card 
providing the best compromise of st iffness and we ight (detail s of calibration can be 
fo und in A.ll Ca li brat ion of th e force transducer and assessment of sound component 
on spray fo rce measurement) 
Force 
Tnlllsducer 
Target 
Plume 
Figure 7-3 Layout and orientation of the spray force ri g 
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The design of the spray force ri g is similar to that utili sed by both Clark(J41) and 
Gabrio(173). The force measurement rig consi sts of the following: 
• Force transducer (250 g full sca le, model 31) 
• Strain gauge stabilised power supply and amp lifier 
• Target ( 10 cm diameter) 
• Data logging system (A na logue to Digital interface card and PC) 
• Data logging software (custom written) 
• Analys is software (custom written) 
• A switched e lectroni c low pass filter (20 Hz) 
7.3.3 Preliminary Results and disc ussion fo r spray force 
The in itial plots of spray fo rce versus time were in good agreement to those obtained by 
both Clark(J41) and Gabri o el al(173) . The evaluation of the initial data showed there 
to be a h igh frequency co mpone nt to the spray force signal (Figure 7-4). 
The frequency a nd amplitude in the current data spray force data appeared to be hi gher 
than that previously reported data(J41, 173) and it was initi ally assumed this high 
frequency signa l was a function of the fluid fl ow and ind icated the exit flow was 
subj ect to rapid vari ations in the propellant fl ow rate through the exit orifi ce. 
The frequency of the signal in appears to be of a hi gher frequency than that reported by 
earlier stud ies (141, 173) where th e higher frequency component appears to have more 
of a regular sinusoidal nature and the author has determined the frequency to be 
approximately 140 Hz. The variation in signa l amplitude of the current data was also 
higher than previously reported . 
During the initi al setup process several fa lse recordings were obta ined because the 
recording system tri ggered before the device had been actuated. It was determined that 
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the recording system was being initiated by the sound produced during the interval 
between arming th e data acquisition system and actuating the dev ice. It was 
subsequently determined that environm ental background noises were sufficient to 
tri gge r the recording system hi ghlighting the sensitivity of th e thrust measurement 
system to the environment. 
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Figure 7-4 Unfiltered and electronically filtered spray force measurements 
7.3.4 Investigation into the high frequency component of the spray force signal 
7.3.4.1 Introduction 
The initial data and previously reported data have a ll shown a higher frequency 
component in the force data. The obj ective was therefore to identi fy a potential source 
of the higher frequency component and determine ifit was part of the spray force and 
an indication of fl ow conditions and if not then it was important to define the true peak 
force . 
Ini tia l studies ind icated that high frequency component to the spray force was too 
symmetrical to be part of the basic two phase flow and the higher freq uency component 
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may emanate from the sound waves generated during the spray release because when a 
metered dose actuator is fired it generates a characteristic ' hi ss in g' ound and the 
sensitivity required to detect the low force combined with the size of the transducer 
target may result in the transducer act in g as a dua l sensor. 
7.3.4.2 Method 
The actuator and aeroso l were as used above for spray force measurement. The sound 
recording system was a sma ll e lectret microphone and the recordin g system was an 
ADC200 digita l oscilloscope (Pica Technology) connected to a PC via the standard 
paralle l interface . 
The microphone was placed directly be low the expansion chamber and out of the path 
of the spray plume and the record ing was triggered by the voltage leve l from the 
microphone and the sensitivity adju sted to start of the spray recordin g process. 
7.3.4.3 Results and discussion 
The signal form th e microphone is shown in Figure 7-5. The signal is very s imilar in 
terms of du ration and amplitude variati on as the ' noise' signal in Figure 7-4 w ith the 
peak variation occurring approx imate ly 50ms after the start of the actuation and then 
decay in g as the force decayed. The frequency of the signa l recorded by the microphone 
is very mu ch higher than the signal recoded by the force transducer. 
The current spray force transducer system was des igned for maximum sensiti v ity. To 
achieve this aim the target was constructed fro m a th in but rigid card materi al to reduce 
the mov ing mass of the fo rce sensing unit of the transducer and to a llow for a larger 
target ( 10 cm di ameter) compared to the 4.5 cm square and 5 cm round targets(J 41, 
173) In the previously publi shed work a meta l disc was used for the sensing e lement of 
the fo rce transducer. 
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Figure 7-5 Output signal fro m micropho ne placed below the expansion chamber (out of 
the spray path) 
It appears that the transd ucer sensit ivity to measure the very low forces (5- 150 m ) 
generated by the spray em itted by a pMD I is sensitive enough to act as a microphone. 
The transducer with large li ght weight target ( 10 cm diameter) acts as a microphone. 
The fo rce trace reco rded by the data acqu is ition system is a modulated s igna l of both 
spray force any temporal spray force variat ion and the sound produced by th e de livery 
process. 
The frequency and ampli tude of the sound signa l cou ld provide a sui table method fo r 
investigati ng and characteri si ng the atomisation process further as thi s addit ional data 
may prov ide further insight into the processes invo lved in the two phase fl ow based 
spray generation mechanism. 
In the analys is of the fo rce produced by HFA based sprays(l 73), the peak fo rce va lues 
were used in the comparison, based on the sound amp li tude component this ana lysis 
could be somewhat in error given the la rge co mponent that can result from the sound 
part of the signal when measuring the spray fo rce c lose to the spray origin (see A.II 
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Ca libration of the fo rce transducer and assessment of sound component on spray force 
measurement) . 
The rapidly varyi ng contri bution can be minimised by fi lterin g the signa l (either 
electroni cally or v ia software) to remove the higher frequency component. In the case 
considered here it was dec ided to utili se the inbuilt fil ter within the transducer amplifier 
uni t. The basic amplifier had a bandw idth of250 Hz which is reduced to 20 Hz with the 
in put filter switch se lected. Alternatively the di stance to the target can be increased, 
however, it maybe necessary to increase the diameter of the target due to the divergence 
of the spray pl ume to mi nim ise momentum losses at the periphery of the spray resulting 
from eddy formation and roll off from the periphery of the plume. 
It should be noted that even if the hi gh freq uency component were part of th e fl ow 
process it is symmetrica l about the main spray fo rce signal and therefore a filtered 
signal would still produce a true average fo r the spray fo rce prov ided th at minimal data 
is lost during the filtering process. 
The plots show n above in Figure 7-4 are fo r the unfiltered s igna l from the spray fo rce 
transducer and a repeat test fro m the same test confi guration with an electron ic filter 
switched on in the amplifier co ntrol. In order to preserve the signal detail these signals 
are not averaged and demonstrate the s light shot to shot variation produced by the 
pMD I (details of the frequ ency response and magnitude of the sound component with 
distance can be fo und in A. II Cali bration of the fo rce transducer and assessment of 
sound component on spray fo rce meas urement). 
The size, shape and mass of the thrust rig target together with the frequency response of 
the fo rce transducer will limit the frequency range of the sound signal that can be 
recorded. If the sound signa l were to be studied it would be necessary to record the 
signa l at freq uenc ies higher than used in the initi al study in order to ensure the capture 
of the full frequency spectrum . It may also be necessary to use a hi gh quali ty 
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microphone to reduce distortion of the current signal and to capture the higher 
frequency components. 
7.4 Effect of distance on spray force 
The objective of th e initial thru st measurement experiments will focus on confirmin g 
the conservation of spray momentum by measuring the spray force at distances up to 
20cm fro m the ex it orifice or twice the typical distance from the impaction zone of the 
US P throat to the mouthpiece of the device . It has previously been observed that the 
metered flow from a pMDI will generate an induced airflow. It is poss ible that 
variat ions in the fl ow path des ign will alter the thrust va lue recorded by fl ow. All 
measurements of fl ow in this study were carried out with the mouthpiece and restricti ve 
airflow secti ons removed to minimise any drag forces actin g on the spray plume. 
7.4.1 Methodology for spray force distance 
The electron icall y filtered spray force was measured at di stances ofO, 50, 100, 150,200 
mm from the exit of the orifice. The units were primed and stored at ambient co nditions 
fo r 24 hours prior to testing. One priming shot was fired to waste to ensure the va lve 
was refilled with formulation. The un it was held at a predefined mark on the test table 
and aligned with the centre of the 10 cm transducer target. The data acqu isition system 
was arm ed and the unit actuated. The trigger level for data recordin g was set for a force 
greater than 4 mN and once thi s force was achieved the recording process was act ivated 
for a set period a nd the data saved to disc. The process was repeated 3 times for each 
d istance and the data for the 3 tests averaged. 
The testing was conducted at 20°C using QVARTM placebo and an actuator with a 0.34 
mm diameter exit orifice. 
7.4.2 Results and discussion for spray force distance 
The spray force profile and duration were found to remain at a consistent leve l over the 
range of distances covered in the study and thus confirm the theory of conservation of 
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spray momentum (Figure 7-6). The consistency in the temporal nature of the s ignal 
confirms observation that there is little mixing in the ax ial direction . 
Visualisati on studies show that eddies at th e periphery of the spray will result in some 
momentum loss at the longer distances and the divergence of the turbulent jet wi ll 
result in the periphery of the spray mi ssing the target at di stances over 400 mm based 
on the measured spray half angle (7 .1°) for an MDI (5) . High speed video images 
showed the angle for the actuators used in thi s study to be larger than 7.1 ° and oriented 
above the horizontal plane defined by the ex it orifice (see A.V High speed spray image 
analysis). 
Clark reported a sharp drop in the peak thrust measurement, when using a range of 
orifice diameters, at distances greater than 100 mm . The result is surpri sing given the 
acknowledged divergence angle of the sp ray and the s ize of the target used (50 mm ) but 
could be explained by the fact that the use of unfiltered peak force values wi ll decrease 
with distance (see A.II Ca libration of the force transducer and assessment of sound 
component on spray force measurement) if there is a sound component superimposed 
on the actual force signal whereas, as shown below, the underlying force signal does 
not decay over such distances. 
One source of error at the longer distances is the alignment between the exit orifice axis 
and the centre of the target as a couple of degrees error at longer distances will result in 
some of th e plume missing the edge of the force transducers target and producing a 
lower than expected force. Spray plume divergence angles measured for a ran ge of ex it 
orifice diameters showed the plume to be non-symmetrical. The angle measured close 
to the plume (50 mm) was wider than the angle at II Omm . The plumes were either 
horizontal or oriented upward relative to the orifice plane. The actuator mouthpiece 
limited the divergence of the plume which was significantly wider when the 
mouthpiece was removed (the spray plume images and spray angle data can be found in 
A.V High speed spray image analysis). 
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Figure 7-6 Spray force (e lectronica ll y filtered signal) at d istances of 0, 5, 10, 15 and 
20cm from the exit orifice 
7.5. Effect of temperature on spray force and expansion chamber pressure 
7.5.1 Introduction 
In order to achi eve effective modelling of MDI delivery in the future th e model wi ll 
have to be able to account for fac tors other than d imensional aspects of the delivery 
system but will also need to factor in changes in thermodynamics properties due to 
changes in propellant type and or mixture and environm enta l aspects such as 
temperature variation. The fact that propellant pressure increases s ignificantly with 
temperature is of sign ificance when considering environmental factors during patient 
use. Temperature strongly affects the vapour pressure of the propellant in the MOl 
metering chamber and will therefore have a major effect on the resu lting spray 
characteristics. 
7.5.2 Method for measuring the effect of propellant temperature 
The spray force and pressure measurin g techniques were as previous ly outlined. The 
actuators and aeroso ls were as used in the initia l spray force measurement study. The 
287 
Chapter 7 Actuator flow and droplet formation 
aerosol units were primed and stored va lve down for 24 hou rs at the chosen 
temperature (0, 20,3 5 or 50°C) prior to testing. The aeroso l was removed from storage, 
placed into an actuator (orifice diam eter 0.22, 0.34 and 0.5 mm) and the testin g 
performed. To ensure mi nimal thermal changes within the metering valve the unit was 
immediately, fo llowi ng the testing for a s ingle actuation, rem oved from the actuator 
and placed back into the appropriate storage condition and rem ained there for 10 
minutes prior to commencement of the next actuation. The data from each actuation 
was saved to di sc fo r 3 repeti t ions fro m each des ign point were then averaged and 
plotted . 
7.5.3 Results and discussion for temperature and exit orifice diameter 
It had been postulated that pressure along with mass fraction in the vapour phase are the 
controlling factors in determinin g the atomisation potential of the pMDI (J41) . The 
results show the peak pressure reached in the ex pansion chamber is as expected a lways 
lower than predicted by the prevailing propellant saturated condi tions at the tim e of 
actuation and the departure from the saturated pressure becomes s ignificantly mo re 
pronounced as th e initi al propellant temperature increases. Figure 7-7 shows the 
measured peak expansion chamber pressure to be effectively linear over the range of 
temperature in the study whereas the saturated vapour pressure over th e same range 
shows more of an exponential response and indicate an increase in the degree of 
metastability with temperature. 
The peak spray force (F igure 7-8 ) a lso demonstrates a linear response over the same 
temperature range. The linear regression o f the spray force data shows the force wi ll 
decay to zero at the prope llants boiling poi nt (-26°C) and serves to validate the 
assumptions made regarding the spray force method and the e lectronic fi ltering 
technique used during the data gatherin g. It provides additional ev idence for the 
assumed accuracy of the technique. The peak pressure in the expansion chamber was 
shown to be a linear function of temperature but does not intercept the temperature axis 
at the bo iling poi nt. In Figure 7-9 the peak pressure is shown to be a function of the exit 
ori fice diameter and tem perature. 
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At oDe the difference between the saturated vapour pressure and the expansion 
chamber pressure is less than 10% whereas at 500 e the difference is nearly 40% and is 
due to the significant difference in the temperature dependent vapour generation rates 
which can be computed from the l akob number (3. 16) which is a subset of the bubble 
growth rate(96, 97) as the temperature of the propellant increases a greater volume of 
liquid is required to fla sh to fill a given void . 
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Figure 7-7 Peak expansion chamber pressure ve rsus propellant temperatures 
As the temperature of the propellant increases a significantly greater volume of liquid is 
required to flash to fill the vo id (expansion volume) in the two orifice system with the 
resu lt that the bulk temperature in the vo id must fall producing a concomitant fall in the 
max imum vapour pressu re atta inable in the void or an increase in the degree of 
metastability. The peak pressure va lues (Figure 7-9) would tend to indicate an increase 
in metastabili ty with increas in g ex it orifice diameter due to the increas ing mass fl ow at 
the exit. 
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Figure 7- 10 Peak spray force for three ex it orifice diameters 
Experimental results fo r a propellant 134a formulation with s imilar levels of ethanol to 
those used here show an in itial and rapid temperature drop in the ex pansion chamber of 
12- 13°C durin g the start up phase of the metered delivery process(252) . The influence 
of temperature is critica l in determinin g the produ cts true performance when used under 
a wide range of environmental conditions and not just the standard ambient testing 
conditions specified in the pharm acopoeia as the spray fo rce has been shown to 
correlate with throat deposit ion in the US P throat and a bio logical throat(J 73) up to 
80mN where the deposition peaks before decaying with further spray fo rce. 
The decrease in throat depos ition above a spray fo rce of 80 mN is probably due to 
secondary scatter from the surface of th e US P throat. The spray force is the product of 
velocity and mass fl ow rate and under choked two phase fl ow condition th e only way to 
increase the spray force is to increase the mass fl ow by increasing the area of the ex it 
orifice and as shown in chapter 5 increasing the ex it orifice increases the droplet size 
and distribution and therefore inertial deposition should continue to increase and 
supports the assumptions made in chapter 5. 
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The increase in orifice diameter and the accompanying increase in droplet size cou ld 
provide an alternative theory for the decrease in throat deposition with increasing spray 
force . The increase in drop size and distribution results in a decrease in sma ller partic les 
and the smaller particles are more likely to deposit by other mechan isms such as 
turbu lence and electrostat ics. The decrease in smaller drop lets with increasing spray 
force wou ld therefore potentially reduce deposition by mechanisms other than inertia . 
Contour plots of the experimental expansion chamber pressure are shown in Figure 
7-1 1, Figure 7-13 and Figure 7- 15 as fu nctions of the ex it orifice diameter, temperature 
and time and show the rapid changes with valve/formulation temperature and the effect 
on flow rate as demonstrated by the variation in total flow time. The changes in flow 
time are more c learly defined in Figure 7-1 2, Figure 7- 14 and Figure 7-1 6 where the 
effect of temperature on spray fo rce and exit orifice diameter is the shown. The 
superimposed higher frequency component to sp ray force signa l that was effectively 
filtered out at 20°C increases with increasing temperature indicat in g a more aud ible 
spray. 
There is no apparent corre lati on between the peak pressure and the peak spray force . 
The peak spray force increases with increasing area of the exit orifice due to the 
increased mass flow rate that the increasing fl ow cross sectional area permits with the 
peak fo rce showing an effective linear response wi th ex it orifice diameter (Figure 
7- 10). 
The filtering of the spray force s ignal a llows the observation of a characteristic seen in 
all the spray force data presented in Figure 7- 12, Figure 7- 14 and Figure 7- 16. [n the 
determination of expansion pressure the rise to peak pressu re is smooth and rap id . The 
spray force shows an initial rapid increase up to >50% of the peak val ue and then either 
plateaus or decreases by a few milliNewtons before increasing to the peak spray fo rce. 
The duration of the transient change is between 5 and 30 ms. The transi tion is more 
ev ident with both decreasing temperature and exit orifice dia meter. The transition in the 
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spray force is ev idence of the transitions in the two phase fl ow in the two orifice 
system . 
The time take for the spray force to reach a max imum is generally longer than the time 
taken to reach maximum expansion chamber pressure. 
When the stem of the va lve is depressed sufficiently for the s ide pierce hole in the stem 
to pass into the metering chamber, the metered fluid content, under saturated vapour 
conditions, is forced by the prevailing saturated vapour pressure to fl ow through the 
valve orifice and into the stem. As the pressure in the metering valve fall s, cavitation 
occurs and the propellant vapour bubbles generated expand prov iding the necessary 
pressure to maintain the fl ow. By definition this fl ow will be two phase from the instant 
the vapour bubbles start to form and will be choked until the pressure in the stem and 
expansion chamber rises sufficientl y for the pressure drop across the va lve orifice to 
fa ll below the prevailing critica l pressure for choked fl ow. The ri se in pressure wi ll be a 
function of the rate o f fla shing in the stem, the metastable state, the vo lume for 
expansion and the rate of fl ow of air and then vapour out of the system throu gh the 
actuator exit orifice. 
During the rapid expansion of the propellant system following actuation of the metering 
valve the air contained within the actuator and valve stem places a dynamic limitation 
on both the expansion volume available and the volumetric fl ow because the flow of ai r 
out of the system is limited by the prevailing choked fl ow conditions once the pressure 
in the expansion chamber reaches the critica l pressure value. Based on the measured 
pressure profiles the critical pressure for choked flow is reached within a few 
milliseconds from the time of propellant release. Once the critica l pressure is reached 
and the exit flow of the purged air becomes limited and the residua l air volume now 
reduces the effective volume of the expansion system . This will result in the expansion 
chamber pressure ri s in g more rapidly than predicted by a model based so le ly on the 
initial volume of the expansion volume, due to the trapped volume o f air. 
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Prev ious actuator fl ow model s have failed to take account of two crucial aspects 
associated with metered fl ow and they are the bubble growth rates in the metering 
chamber of the valve which is necessary to ensure an accurate calculation of the 
pressure on the suppl y side of the valve orifice and the fla shing rate in the void in the 
two orifice system which is required to accurately determine the pressure on the 
demand side of the valve orifice. 
Pressure and the nature of the two phase flow (criti cal or sub critical) are crucial in 
determining the fl ow through a two orifice system. Previous actuator fl ow models have 
assu med homogeneous two phase fl ow whereas the temporal video analys is (see A.VI 
Temporal analys is of the spray plume) indicate a non homogenous based fl ow model 
would be required. The time interva ls between changes in fl ow states th rough the valve 
and ex it orifice are of the order o f a few milliseconds and very accurate mode lling 
predictions would be required to ca lculate the correct mass flow rates during such short 
time interva ls given the complex nature of the flashing processes, two phase fl ows and 
volumes present. 
If the correct pressures and material states are not accu rate the abi lity of the model to 
correctly reproduce the correct conditions during this critical supply and demand phase 
of the metered delivery will be erroneous. The temporal fo rce/thrust data highlight th is 
crucia l period as the spray force plateaus or drops momentarily during this cruc ial 
supply and demand phase (the plateau can only be detected in the filtered force data). 
The fla shing induced temperature fall within th e expansion volume during the start up 
phase is fu ndamental in determining the quali ty of the fl ow during the initi al flow 
phase. The fl ow model of Clark predicted a rapid temperature drop during the initial 
delivery phase o f 30°C then a rapid rise back up to towards the bulk prope llant 
temperature, however the supporting experimenta l results showed a drop of only 3-4°C 
followed by a short plateau; there was no increase in temperature only a steady 
decrease during the rest of the de livery cyc le. The difference between the predicted and 
297 
Chapter 7 Actuator flow and droplet formation 
measured values is most likely due to the experimenta l set up and the thermocouple 
used. 
The model of Dunbar, although assumin g a high degree o f flashin g during the earl y 
phase of the delivery, predicted very little temperature change durin g th is critical start 
up phase and did not pred ict large temperature changes in the expansion vo lume until 
th e end of the metering process. 
Changes in temperature give an additional set of data to assess the early phase changes 
in the expansion vo lume. Severa l therm ocouples were eva luated but none gave 
acceptab le co mbinati ons of phys ica l robustness, re lative s ize of the measurement 
vol ume and thermoco uple head, response time and potentia l nucleation effects, 
consequently the measurement was not pursued . Prev ious attempts to measure 
expansion chamber temperature have also encountered thi s problem(l41) where the 
90% response t ime to a sudden temperature change was determined as 35-40 ms, whi ch 
is longer than the critica l transition periods at the start of the del ivery process. Given 
the critica l nature of the metastable effects this is not acceptab le. Accurate temperature 
measurement coupled with that of pressure and fo rce may prov ide further insight into 
why prev ious computational models(4, 5, 141) fa il to give accurate predicti ons o f 
critical characteri stics of the MDI such as exit spray veloc ity, pressure peak and profile, 
dynamic temperature and the duration of the drug delivery process as we ll as provid ing 
information to be used in understanding the atomisatio n process or processes in the 
MD I and potentia l upper limits for momentum transfer effects in the USP throat. 
7.6 Modelling the system atomisation process 
The characteristics and comp lexity of atomisation processes during drug delivery from 
the pMDI can be judged by the number of published theories proposing d ifferent 
primary atomisation processes, with some favo uring an aerodynam ic shear process(141, 
253) as the primary mechanism and others favouring the fl ash atomisation process (4, 5, 
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212, 254) as the primary mechanism. Of these there is a distinction made between 
flashing upstream of the orifice and flashing downstream of the orifice. 
To date there are very few models avai lab le for predicting the atomisation and droplet 
size or residual particles size of the emitted dose delivered by the actuation of a pMDI 
device . Fletcher(5) produced a simple model fo r residual droplet s ize based on the 
orifice dimensions and a CFC based formu lati on. C lark(!41) produced a drop size 
model based on the parameters of expansion chamber pressure and quality assuming an 
aerodynamic air blast shear type atomisation mechanism usin g CFC propellant systems. 
It has been stated that the Clark model has been shown to give agreement with an HFA 
(134a) formulation when the part icle droplet s ize was measured downstream of the exit 
orifice by the use of lhe PDA technique(4, 15) . However, these are iso lated findings 
and the size and distribution of respirab le particles produced by the pMDI atomisation 
process cannot in general be predicted with any degree of confidence. 
The objective of this section is to consider the influence of formulation and orifice 
diameter on the partic le s ize produced by the pMDI and to compare the measured 
part ic le sizes with predictions from Clark ' s model wh ich is based on the pressure and 
quality of the delivery. 
7.6.1 Relationship between Residual and Initial Particle Size 
Compari son of particle s ize distributions from identical devices and formulations, but 
measured by the three different techn iques, AC I, APS and PDA, highlight their relative 
merits and enab le an assessment of thei r respective contributions to our understanding 
of the actual particle size di stribution generated by a pMDI aeroso l. Before proceedi ng 
with this it is necessary to exam ine in more detail the relationship between the particle 
s ize distribution generated by the pMDI and those measured by each in strument. 
Figure 7-17 considers the reduction in particle s ize as aerosol particles evaporate 
following the initial atomisation for different po tential inhalation aerosols. A pure 
propellant droplet would produce no residual particle because all propellant would flash 
299 
Chapter 7 Actuator flow and droplet formation 
and or evaporate. In practice, a placebo aerosol would leave a res idual particle of finite 
size due to impurities and surfactants if present (surfactant is often used to aid valve 
lubrication and included in placebo formu lations). In a sol ution formulation the size of 
the residual particle will be determined by the initial droplet size and the concentration 
of the so lute. In suspension formulations the residual size is independent of the drop 
size and is dependent only on the size of the suspended particle or particles 
Evaporation or Propellant and Volatile Components 
o 
o 
o 
o 
Atomised Droplet 
-----. • 
• 
• 
.. 
Residual Particle 
Placebo with surfactant and impurities 
Solution Formulation 
Suspension Formulation 
Multiple Occupancy Suspension 
Figure 7-1 7 Formation of the residual part icle size from different starting formulations. 
The particle sizing principle employed in the AC I and APS studies is that of measuring 
the residual particle size after evaporation of a ll the propellant. The PDA collects 
pointwise aerosol particle s ize data at a short distance downstream from the actuator 
nozzle, where substantial quantities of vo lati le material have not yet had the chance to 
evaporate. Thus, the s ize distributi on indicated by the PDA is likely to be fairly close 
to the distribution of part icle si droplets that is produced by the pMDI atomisation 
process. 
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For the so lution formulations used in thi s work, the evaporation of the remaining 
eth ano l and sub-coo led propellant leaves a residua l particle compri sing of just th e 
so lute part of the formulati on. Kn owin g the vo lume of the so lute and the dens ity it is 
poss ible to relate the res idual particle size to the initial droplet size based on 
compos ition and geometrical considerati ons. T he techn ique was used Fletcher(5) to 
estimate the D32 fo r the data generated by Poll i where the data was calculated from the 
mean and distribution data and the cube root of the so lute concentration. T he basic drop 
size calculation (equat ion 7.2) was a lso used by Clark (141) to extrapo late fro m 
res idua l to initial droplet s ize data in the derivation of an atomisation model for the 
pMDI. Clark proposed to calculate the initial drop diameter dd,op fro m the res idua l 
partic le size d", when the mass fraction of dru g lI1/dmg , speci fi c grav ity of the drug 
SGdn,g and speci fic grav ity of the propellant SGI are known d iameter by means equation 
7.2. 
d _ d,,, [ SG,mg ]"3 
'MP - ~SG'mg SG,m/ ' mg (7.2) 
Va lidation of the one third root law was evaluated over a range of so lute leve ls and the 
detai ls of methods and results can be fou nd in the A. III Effect of solute concentration 
on res idua l part icle s ize. 
In the s implest formulation consistin g on ly of pro pellant and dissolved drug the 
so lution would still require an assessment of the proportion of propellant that has been 
converted to vapour prior to the fo rm ation of th e fi nal droplet. In many works thi s 
flashing fraction is ignored . In the fo rmulatio ns used here there is a seco nd non volatile 
liquid, ethanol, which also has to be acco unted fo r in the droplet extrapo lation. 
Equati on 7.2 has been further developed here to include the additi on of a second 
volatile component 111[',1> and the fraction of prope llant fl ashin g mf,..opo", prior to 
atomisation occurring. 
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Equation 7.2 can now account for the ethanol content in the formulation and the mass 
fractio n of propellant that has been converted to vapour prior to droplet formation. The 
loss of liquid component to vapour phase wi ll consist of that lost to the bubble growth 
process in the metering chamber, the fl ashing that occurs in the stem and expansion 
chamber and the fla shing component from the atomisation process just downstream of 
the ex it orifice. Taking these effects into account in calculations of the initial particle 
size from the residual particle s ize requ ires an estimate of the quantity of prope ll ant that 
has fla shed prior to atomisation taking place. These processes wi ll be driven by the 
instantaneous degree of superheat plus any add itional heat transfer during the deli very 
process, which are difficult to determine a priori . 
7.6.2 Clark's atomisation model 
Clark{l41) proposed a mode l for the prediction of initi al aeroso l drop size as a function 
of the pressure and vapour quality within the expansion chamber. The model was 
derived from APS based data and therefore to enable particle size compari son to the 
mode l requires res idual particle s ize data. The form of the model was as follows: 
c (7.4) 
The value of th e constant C = 8.02 is recommended for continuous atomisation and C = 
1.82 for metered atomisation. The model was defined with some ambiguity by Clark 
because in the text the two exponents (m and n) are defi ned in one order whereas in the 
plots to determine the co nstant 8.02 for continuous atomisation and 1.82 for metered 
atomisation the val ue of the exponents were reversed. In the computat ions presented in 
thi s work thi s amb igui ty was reso lved by considering all fou r possible combinations of 
constants and exponents. 
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I . C = 8.02 m = 0.46, n = 0.56 
2. C = 8.02 m = 0.56, n = 0.46 
3. C = 1.82 m = 0.46, n = 0.56 
4. C = 1.82 m = 0.56, n = 0.46 
(7.5) 
(7.6) 
(7.7) 
(7.8) 
The objective of the work presented here is to extrapolate the residual particle size data 
obtained from the APS to the initial droplet diameter us ing assumptions abo ut the 
degree of fla shing and the some degree of heat transfer. The experim ental drop 
diameters wi ll be compared to the prediction of the Clark atomisation model using 
experimentally determined peak expansion chamber pressure and predictions for the 
minimum and maximum quality of the spray. 
7.6.4 Extrapolation of residual particle to droplet diameter 
The APS data obtained using the tube inlet design was extrapo lated us ing the droplet 
eq uation (7.3) w ith the fo llowing scenarios being implemented 
~ No fla shing assumption 
~ Adiabatic flashing assumption 
~ Adiabatic flashing assum ption with limited heat transfer 
The no flashing assumption makes possib le the compa rison with published data(141. 
192) where no assessment of propellant losses due to flashing has been made when 
extrapolat ing from res idual to original drop let s ize. 
The ad iabatic assumption is based on the enthalpy, specific heat capacity and the latent 
heat of vaporisation of the propellant(205) to determine the fract ion of propellant 
fla shing using prev iously defi ned methods(4) and the res idual droplets are at the boi li ng 
point. 
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The ad iabatic flashing plus limited heat transfer assumption is based on two leve ls of 
flashing (based on the quality of the flow) and assumes that there is sufficient heat 
transfer from the metal va lve components to compensate fo r the heat lost due to the 
flashing, beyond that determi ned fo r purely adiabatic condit ions, occurring prior to the 
exit orifice. The mass, specific heat capacity and thermal diffusivity of the metal 
boundary components are sufficient to provide this level of entha lpy prov ided the valve 
is not subject to a rapid sequence of actuations. Following an actuation the thermal 
equi li brium wi ll be rapidly establi shed in the valve, internally due to the incoming refill 
materia l being at the bu lk (room temperature) temperature and externally because the 
valve is si tting in the bu lk fo rmu lation and the th ickness of the metal valve co mponents 
separating the metering chamber from the bulk formu lation. The length of stem that 
extends beyond the valve will on ly reach equilibrium through heat conducted from the 
su rrounding air and the tip of the stem fro m heat cond uction from the actuator stem 
block in which it sits. The time interval between shots is critica l as rapid firing has been 
shown to alter dropl et diameter(244j and thi s is probably due to the reduction in heat 
transfer and further supports the thi rd assumption. 
7.6.5 Res ults and discussion for extrapolation to droplets 
Table 7- 1 Prediction of drop let diameters (IIm) for various flashing scenarios us ing a 
0.22m m diameter ex it orifice 
Residual No Ad iabatic Adiabatic + Adiabatic + 
% Ethanol diameter (1101) Flashing Flashing q=0.02 q=O.1 
8 0.86 8.68 7.79 7.74 7.56 
15 0.87 8.87 8.07 8.03 7.87 
25 1.06 11.0 I 10. 19 10.15 9.99 
" 1.32 13 .89 13.01 12.98 12.8 1 JJ 
48 2 .16 23.32 22.28 22.23 22.04 
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Tab le 7-2 Prediction of droplet diameters (flm ) for various flash ing scenarios using a 
0.5mm diameter exit orifice 
Residual No Adiabatic Adiabatic + Adiabatic + 
% Ethano l diameter (flm ) Flashing Flashing q=0.02 q=O.1 
8 1.03 10.40 9.33 9.28 9.06 
15 1.03 10.5 I 9 .55 9.51 9.32 
25 1.16 12.05 I I. I 5 I I. I I 10.94 
33 1.22 12.84 12.03 12.00 11.84 
48 1.75 18.90 18.05 18.01 17.85 
When extrapo lating from residual aerodynamic parti cle di ameters it is often the 
preferred route to base the extrapo lation on the bulk formulation (J 41. 192) as this 
requires no assumptions of or know ledge about the atomisation, flas hing or actuator 
fl ow processes. The results presented he re for the no flashin g assumption agree well 
with those published fo r a s imilar propellant sys tem(l92) . The additional computati ons 
based on fla shing and heat transfer show how the pred icted droplet diameter will 
decrease with increasing degree of fl ashing and with increasing heat transfer during th e 
transient metered delivery process (Table 7- I and Table 7-2). 
The adiabati c fl ashin g assumption reduces the predicted initia l drop diameter by up to 
10% compared to the no flash assu mption for the low ethanol level but at higher 
ethano l levels the difference between no flashing and adiabatic fl ashing becomes less 
significant due to the large vo lume of the non volatile liquid phase. 
The analysi s of the droplet size and distribution downstream of the exit orifice us ing 
PDA showed the median diameter to be 7 flI11 and the extrapolated diam eter based on 
the APS data and the same combination of formulation and actu ator predicts a diameter 
of7.7 Jlm assuming ad iabatic fl ashing (equation 7.3) and 8.67 Jlm based on the no 
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fl ashing assumption (equation 7.2). The extrapo lation based on the adiabatic fl ashin g 
assum ption is nearer to the experi mentally determined diameter and th e addition of 
some additional heat transfer during the delivery process would reduce the difference 
between the PDA and extrapolated APS. The difference could also be due to detection 
of larger drop lets. 
The problem of detecting large droplets is not limited just to the APS instrument used 
here. The PDA system uti I ises a small measurin g vo lume and a single poi nt in space 
making detection of rare events somewhat lim ited . Laser diffraction instruments 
stru ggle with the dynamic range and the beam steer due to dense sprays mean the low 
angle scatter data is confounded. Cascade impactor inlets do not fac il itate a reso lution 
of the droplet sizes deposited in the inl et section and can a lso result in large drop lets 
breaking up and giving a fa lse data interpretation fu rther down the stack. 
7.6.6 Minimum and maximum void fraction 
7.6.6.1 Introduction and objective 
The Clark atomisation model has input variab les of expansion chamber pressure and 
the quali ty of the spray. The rati o of vapour to liqu id in the expansion chamber can be 
expressed as either the vo id fraction, a critica l facto r in determ ining the ve locity in 
homogeneous two phase flow, which is the rat io of the vapour phase vo lume to total 
vo lume or the qua lity of the spray which is the rat io of the mass of vapour to the total 
mass in the expansio n chamber. The vo id fractio n or qua li ty is not eas il y measured and 
must be estimated on the basis of the assumption for the propellant fl ashing process 
between metering chamber and expans ion chamber. Provided the dens ity of the liqu id 
and vapour phase is known then the two term s can be interchanged. 
To date there are very few models ava il able for pred ict ing the atomisation and drop let 
size or res idual partic les size of the emitted dose deli vered by the actuat ion ofa pMDI 
dev ice (see section 7.6). It has been stated that the C lark model has been shown to give 
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agreement with an HFA ( 134a) fo rmulation when the partic le droplet size was 
measured downstream of the exit orifice by th e use of the PDA technique(4, 15) . 
The purpose of the study reported in this section is to investigate in detail the 
corre lation between extrapolated droplet size data and the cal culated values for defi ned 
initia l expansion chamber conditions (pressure and quali ty) against the Clark 
atomisatio n model. 
7.6.6.2 Method for determining minimum and maximum void fraction 
It has been well documented that the nucleation and bubble growth necessary for the 
fl ash atomisation mechani sm is a function of the degree ofsuperh eat(81, 99, 213, 255-
260). The boiling point of propellant 134a is approximate ly -26°C and if th e meterin g 
chamber is at 20°C then the di fference is 46 degrees of superheat however the bubble 
growth process in the metering valve and the fl ashing that occurs between the valve 
orifi ce and th e ex it orifi ce will lower the average temperature of the prope llant and 
hence th e degree of superheat du e to latent heat of vaporisation. 
Under adiabatic condit ions the quanti ty of propellant that will flash can be determined 
from the thermodynami c reference data(205, 206), however if heat transfer between the 
wa ll s of the delivery system (va lve and stem) can take place the mass fracti on that can 
fl ash wi ll increase and an adjustment to the equ ation for predictin g ini tial drop size will 
be necessary. 
Due to the critical nature of determining the void fraction and the central part the ratio 
o f vapour to liquid plays in the determination of choked fl ow(80) a 25 ~I metering 
valve was chosen, such a choice was des ired to place a definable limit on the vo id 
fraction range that could practica lly ex ist based on the geometrical constra ints imposed 
by the total vo lumes of the flow domain defin ed by the vo lume sum of the val ve, stem 
and actu ator sump. 
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An analys is of all the model variables and assumption that can be made regardin g, 
nucleatin g, fl ashin g, metastabi lity, two phase fl ow, air purging, temperature, vapour 
dens ity, heat transfer etc. wou ld be vast. It was therefore concluded that the best 
approach would be to consider the two most extreme scenarios as all other mode lled 
scenarios would fa ll within these lim its. 
lValvel 
Expansion 
Volume 
Figure 7-1 8 Schematic of metering valve with o ri fice and an expansion volume with 
orifice . 
Two scenario are consider that define the extreme of fl ashing and these are : 
I. Max imum void fraction 
The valve opens and the propell ant mixture fl ows through the valve orifice and fl ash ing 
is homogeneous, instant and adiabatic and the process contin ues until the ex pansion 
vo lume is full based on the spec ific vo lume of saturated propellant liquid and vapo ur 
and applying the meas ured vapour pressu re (max imum metastabi lity) assumin g no 
material passes out of the expansion volume unt il the expansion volume is ful l. 
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2. Minimum vo id fraction 
The va lve opens and the propellant mixture ad ia batic flashing is suppressed until the 
expansion and meterin g valve vo lume is full of a homogeneous two phase mixture. The 
bas ic assum ption used he re is that the va lve and expansion vol ume beco me one and is 
based on the assumpti on that at the start of the deli very process the pressure in the 
valve can not be less than in the expansion vo lume. 
Scenario I can be so lved num erically by incrementa l fl ow of a liquots of propellant 
mixture into the expansion volume and the vo lume and mass of vapo ur generated 
ca lculated as well as the volume and mass of liquid prope llant and ethano l until the 
expansion vo lume is full. 
Scenario 2 can be so lved numeri call y by fl ashin g aliquots of propellant until the 
expansion vo lume is full. 
The air present at the sta rt is assumed to be purged from the expansion volume during 
vapour expansion. If a proportion of air is in cluded it will ra ise the vo id fraction but 
lower the cri t ica l parameter of vapou r mass fraction (q). Due to the asym metrical, 
tubular shape of the fl ow path a large po rtion of the a ir can be ex pected to be purged 
ahead of the expand ing two phase homogeneous propellant flow. 
A third scenario could be used to veri fy the absolute mini mum void fraction atta inable. 
If the liquid content of the valve at the start of deli very process, is transferred 
instantaneously into the meterin g vo lume, then th is would defin e the maximum liquid 
fraction in the expansion volume and the minimum vo id fraction. 
The vo lume of the stem and expansion chamber was 114 [11 and the maximum void 
fraction can be determ ined, assuming an infini te fl ashing vo lume expansion, as 
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(7.9) 
And V,. is the tota l expansion vo lume and VT - Vg is the total volume of liquid present. 
There is however a small vo lume of propellant liquid flashing to vapour that needs to 
be accounted for as follows 
(7 .1 0) 
Where Vf~g is the vo lume of liquid propellant vaporised to fill the remainder of the 
void. 
The ethanol levels of 8 to 48% w/w propellant also place limits on the vo id fracti on by 
increas ing the quantity of the residual non fl ashing liquid phase in the expansion 
volume. The ethano l content also plays a critica l role in determinin g the leve l of 
adiabatic flashing that can take place due to the spec ifi c heat capac ity of eth anol being 
alm ost twice that o f the propellant. 
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Initial ise Variabl es 
Add increment of formulation to expansion volume 
Calculate adiabatic fl ashing fraction 
Calculate volume of vapour generated & temp 
Calculate lotal volume in expansion volume 
Figure 7-19 Flow chart for the steps in computing the maximum vo id fraction in the 
expansion vo lume 
7.6.6.3 Results and discussion 
The minimum void fraction was computed by assuming a minimum fla shing rate where 
the vo lumes of the valve and delivery system are coup led. The 25 III valve in thi s study 
coupled to the actuator design gives a minimum void fraction of 0.834 but the quali ty 
depends on the ethano l content of the formu lation. 
The quali ty is classically defined as the mass fract ion in the vapour phase. Here the 
same approach is used and the non volatile ethano l content (w ithin the pressures and 
time frames considered for fla shing) only form s part of the liquid phase vo lume. 
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Table 7-3 The minimum void fraction and quali ty in chosen actuator system fitted with 
25 ~l metering valve 
% Ethanol Void Fraction Quality 
8 0.83 0.1 1 
15 0.83 0.11 
25 0.83 0.12 
33 0.83 0.12 
48 0.83 0.13 
Table 7-4 maximum void fraction and qual ity in chosen actuator system assum ing 
ad iabatic instantaneous flashing with 25 ~I valve 
% Ethanol Void Fraction Quality 
8 0.94 0.38 
15 0.92 0.33 
25 0.89 0.26 
00 0.86 0.2 1 00 
48 0.79 0.15 
7.6.7 Correlation with the C1ark atomisation model 
The predicted droplet data was compared to the atomisation model ofClark (141) and 
the modelli ng and experimental data of Dunbar(4) 
The quality values are taken from Table 7-3 and Table 7-4 for predicted minimum and 
maximum qual ities respectively. The peak expansion pressure values are taken form 
experimental values determ ined in section 7.5 for combinations of actuator and 
formulation . The predicted droplet diameters were computed using equation 7.5-7.8 and 
tabul ated (Tab le 7-5 and Table 7-6). 
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Table 7-5 Predicted droplet diameter (flm ) for the minimum computed quali ty for a 
0.22 mm ex it orifice using the experimen tal peak pressure for com putation 
QUA LITY 0.11 0.11 0 .12 0. 13 0.13 
Pe (max) 4.4 4.25 4.1 3.9 3.48 
Eq uation 7.5 11.1 6 11.44 I 1.29 11 .29 12.33 
Eq uation 7.6 15.72 16.05 15.62 15.41 16.55 
Equat ion 7.7 2.53 2.59 2.56 2.56 2.80 
Eq uation 7. 8 3.57 3.55 3 .55 3.50 3.76 
Table 7-6 Predicted droplet d iameter (flm ) fo r the maxim um computed quality for a 
0.22 mm ex it orifice using the experimental peak pressure fo r computation 
QUA LI TY 0.38 0.33 
Pe (max) 4.4 4.25 
Eq uation 7.5 6.31 6.9 
Equation 7.6 7. 85 8.68 
Equation 7.7 1.43 1.56 
Equation 7.8 1.78 1.97 
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Figure 7-20 Predicted drop size with the ass umptions of no fl ashing. adiabatic fl ashin g 
and ad iabatic flashing with heat transfer 
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Figure 7-2 1 Compari son of experimental based droplet pred iction and those pred icted 
by eq uations 7. 5 and 7.6 assuming max imum flashing (high qua li ty flow) 
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Figure 7-22 Comparison of experimenta l droplet predictions over the lim its of flashing 
in the actuator and valve system used and the predictions using forms of the C lark 
equation 
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7.6.8 Discussion of droplet extrapolation and correlation to the Clark model 
In previous work on modelling of the pMDI system th e initial droplet s ize has been 
estimated from the base formulation. In the work presented here an attempt has been 
made to compare the effects of the flash atom isation process together with an estimate 
of the droplet size post adiabatic flashing wh il st also accounting for potential heat 
transfer effects that can occur during the passage of the formulation from the valve to 
the ex it orifice. The assumption is that due to the degree of superheat present the 
flashing process will be very rapid and complete only a few diameters downstream of 
the exit orifice and has been confirmed experimentally(213}. 
The valves used in thi s study are of an a ll metal construction type and the mass o f 
stainless stee l present is more than an order of magnitude greater than the mass of 
formu lation and therefore has th e potential to provide add itional heat to the fl ashing 
fl ow process as demonstrated by the rapid drop in the stem and va lve temperature after 
only a s ingle actuation of the va lve. 
As expected the greater the degree of flashing the smaller is the predicted initial droplet 
diameter although the change is less significant beyond the limit of the adiabatic 
flashing because the diameter is based on vo lumetric loss of propellant during the 
flashing process and a significant level of heat transfer is required to have a s ignificant 
effect on the flashing potential of the rapidl y cooled liquid propellant remaining afte r 
ad iabatic fla shing has ceased. 
The heat transfer effect is limited to the effect on droplet diameter extrapolations only 
and not to any effect that the increasing heat transfer wou ld have on the flashing 
potential of the formulation downstream of the orifice and the potential decrease in 
particle size that addi tional superheat wou ld provide. It can therefore be concluded the 
effect of the different f1ashinglheat transfer assumptions on droplet diameter is fa irly 
small beyond that defined by the adiabatic limil. 
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The predicted droplet diameters fo r the 0.22mm di ameter ex it orifice with hi gher 
ethano l leve ls are lower than expected and are probably due to the errors in the 
sampling effi ciency of the A PS with respect to very large droplets, the inlet sampling 
effici ency limits of the APS and gravi tational depos ition of droplets >40 ).Im . 
Hi gh speed di gital imaging using a pulsed laser di ffu se back illumination imaging 
technique showed the droplets produced by the high ethano l level have a range of 
diameter much wider than seen with the low ethano l content (section 5.7). 
The predicted minimum and max imum void fracti ons (quali ty) show a range of 0.83 
(q=O.II ) to 0.94 (q=0.38) for low ethanol contents and 0.83 (q=0.1 3) to 0.79 (q=0.15) 
fo r the highest ethanol content. The minimum va lues o f quality are much hi gher than 
those quoted by Clark but it should be noted that the valve volume used here was 25 ).1 1 
but the stem and actuato r vo lumes were similar. The small valve vo lume imposes 
greater I im itations on the quantity of liquid th at can be present in the expansion vo lume 
during the start up phase of the metered delivery. 
The lower levels of vo id fracti on predicted here is less than could ex ist in rea l systems 
because the low va lue can only be c reated by suppressi ng the fl ashin g process beyond 
the practical limit, below that of any metastabili ty effect, givi ng the highest poss ible 
liquid content in the expansion chamber. In contrast the higher qu a lity is achieved by 
having the fl ashing process proceed at the theoretica l max imum rate. The hi gher qu ality 
fl ow va lues are much hi gher than those predicted by C lark for metered dose delivery 
where the upper lim it was approx imate ly 0. 06 us in g a 50 ).11 va lve and 0.08 using a 100 
"I valve with pure 134a propellant. The vast majority of the Clark data was obtained 
with quality values less than 0.05. 
The predictions usi ng the metered fo rm of the C lark equ ation (constant= 1.82) are far 
too low ranging as they do between 1.5 and 3.5 "m, however the slope o f 1.82 fo r 
metered atomisation model does not pass through zero but has an intercept on the drop 
diameter axis at approx imate ly 13 "m (determined by the author). The form or the 
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equation however dictates that it should approach the constant C (equation 7.4) for q=1 
and infinite pressure. 
It can be conclude that the metered version of the C lark model is incorrect as 
demonstrated by the shape of Cl ark 's correlatio n plot. It can also be concluded that the 
error is in the determin ation of the quality com ponent of the metered atomisation as the 
pressure in the expansion chamber was measured and highl ights the problem associated 
with expansion chamber conditions. The error in quality is most likely due to e ither an 
inc lus ion of excess ai r in the expansion chamber calculati on due to the sign ificant 
density difference between the prope llant vapo ur and air or assumptions regarding the 
metastable state. 
Practical applicat ion of either metered version of the C lark equation (7.7 and 7.8 
variants) must be questi oned on the basis that applicat ion of the equations yie lds values 
we ll below those dete rmined here fro m e ither the APS and PDA or literature data for 
similar combinations of exit orifice and formul ation to those used here{l92). 
The extrapo lated drop size diameter predicted here of7.7 f1m and based on APS 
measurements fo r the 8% ethano l in 134a propellant tested with an 0 .5 mm ex it orifi ce 
agrees well w ith the PDA measured droplet diameter of 6.98 f1m (section 5. 5). 
Fu nctionally th e Clark model is weighted heav ily on the diffi cult to determine quali ty 
term whereas the pressure range is on ly limited by the prope llant system used and th e 
temperature. The des ign of th e formulation and va lve size used in thi s work limits the 
pressure range by the judic ious use of ethanol as the co-solvent as demonstrated by the 
data in Figure 7-22 where the use of minimum theoretica l quality values shows no 
response in predicted droplet size with increasing ethano l. 
The Clark continuous atomisation model does have a similar response to th at predicted 
by experim enta l drop size data when the determined va lues fo r void fraction/qua li ty are 
high as shown by data in Figure 7-22. Clark 's APS data should overesti mate the mean 
due to the acknowledged problem regarding the detection of residual diameters below 
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Il!m in the older APS model used. The difference could however be explained by the 
sampling technique employed. Although Clark used a large vessel for capturing the 
spray it may not have achieved a uniform sample without consideration of factors such 
as gravitational settling of the large particles/droplets and over sampling the smaller 
ones. 
The fit to the experimental data can be improved significantly by setting the exponents 
n and m to I and set):ing the constant C to 10. 
(7.11) 
Based on the experimental data the modification over predicts the droplet diameter, 
however, we know from the high speed video that there are large droplets not captured 
in the APS analysis. 
The Clark atomisation model was based on a theory of aerodynamic shear and ligament 
break up and not flash atomisation although the flashing potential of the mixture of 
propellant used in the study would also have given a good correlation. The Clark model 
does not give an adequate response unless the degree of flashing is close to the limits 
imposed by the system (scenario I). It could therefore be argued that the maximum 
flashing does not actually need to take place in the expansion chamber and that the full 
flashing takes place downstream of the exit orifice until the adiabatic flashing limit is 
reached. In order to support the flash atomisation theory the adiabatic droplet size 
predictions were plotted against the mass fraction of the propellant that could flash 
adiabatically and shown in Figure 7-23. 
The correlation was for an of 0.22 mm diameter exit orifice data set and the correlation 
was based on equation 7.12 
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b 
D, = a + 2 
mjflaSh 
(7 .1 2) 
Where a=O.1 04 (asymptote for infinite flash ing) and b=5.75 (rate constant for 134a) 
The aerodynamic shear approach requires knowledge of the quality of the spray 
whereas the mass fraction flashin g only requires a s imple thermodynamic ca lculation to 
estimate the potential droplet size. 
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Figure 7-23 Correlation between the extrapolated droplet diameter and the mass of 
prope llant that can fl ash adiabatically for each of the formulations . 
In the flash atomisation process the contribution the ex it orifice diam eter plays in the 
atomisation process is probably limited to how it influences the simultaneo us processes 
of heat transfer, enthalpy di ss ipation, vapour di stribution and mass transfer, rather than 
any specific geometrical effect and could potentially be used to adjust the flashing mass 
fractio n calculation used in equation 7. 12 
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7.7 Momentum transfer in the ACI 
7.7.1 Introduction 
It is well documented that the peak ve loc ity of the spray emitted by a pMDI has been 
determined as being between 40 and I 10 m S·1 and these veloc ities are signi fica ntly 
hi gher than the ai r inlet ve loc ity used in cascade impactor testing. The momentum 
added by the s pray plume is believed to be signi ficant and the objective is to assess the 
effect on the fl ow at the inlet to the first impactor j et plate (P late 0). 
The measurement of the thrust from a pMDI has been reported prev iously(l41, 173) 
and the thrust produced is a product of the mass fl ow rate ( m;proy ) and the velocity 
( Zispmy ) 
(7. I 3) 
The force of the ai r flowing through the impactor is given by 
(7.14) 
The spray reaching th e first impactor plate (PO) should have decayed to the design 
velocity assumin g all spray momentum has been diss ipated in the USP th roat and the 
di ss ipation facto r ((J) defined as 
Uair (7. IS) 
U spray,l'O 
If th e di ssipation factor is less than I then the velocity at first impactor stage wi ll be 
greater than the designated design value by 1- cI:> 
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FsproY, /JO = 011;pray *uulr )* (l-<l)) (7. 16) 
And the total force at the first impactor stage wi ll be 
(7.17) 
The measured spray force at the first impactor stage can be determined experimentally 
and numerica lly integrated over the delivery time (t) of the spray. 
1: 1 
F sprUY _ UI _ '> O = Lm;pray *u dl 
1= 0 
(7 .18) 
And dividing by the integral of7 .17 minus the fo rce of the airflow, assuming et> = I , 
will give the average velocity inc rease. 
7.7.2 Experimental 
The force transducer system (7.3 .2) was pos itioned directly below and centra l to the 
outlet face of the USP inlet/throat at a d istance defined by the position of the first 
impactor jet plate(24 7} . 
An aluminium aeroso l can containing a I 34aJethanol placebo mixture and fitted with a 
50 ~I metering valve (Q VARTM) was used throu ghout. Identical actuator designs wi th 
ex it orifi ce diameters of 0.34 and 0.5 mm were used in the testing. 
Inlet airflow to the US P inlet/throat of28.3 I min'] was used th roughout testing and the 
actuator coupled to the inlet section by a custom moulded adaptor. 
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Once the airflow was turned on and set to the correct fl ow the force reading was 
checked and then the recordin g system was reset to zero before th e aeroso l was placed 
into custom mo ulded adaptor an d actuated . 
7.7.3 Results 
The force-time signal for th e two orifi ce diameters are shown below. Due to the low 
level of the fo rce signal generated the gain of the acquisition system needed to be set to 
the maximum amplification available. The high gain increased th e settlin g time of the 
input amplifier and therefore the number of data points was limited by the sho rt 
duration of the fl ow. The data presented below is from three consecutive actuations of 
the aeroso l. 
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Figure 7-24 Force at plate 0 deve loped from a 0.34 mm diameter ex it orifice in the ACI 
at a fl ow rate of28.3 I min·! 
There is consistency between the replicates fro m each run with respect to duration and 
there appears to be a consistency in the time varying component of the thrust s ignal 
( Figure 7·24 and Figure 7-25) but as stated above the data acquisition rate was limited 
by the signal amplification req uired. 
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The spray fo rce signal goes to zero between 10 and 30 ms and corresponds with the 
fl ow transition plateau seen in the bas ic spray fo rce test when the spray fo rce was 
filtered. When the dev ice is activated the air in the throat is compressed by the force of 
the emerging spray and the drop at the fi rst impactor plate could be due to the transient 
flow effect. A transient effect has been detected in the measurements taken by a PDA 
system in a similar time frame(236}. 
The computations are tabulated below (Tab le 7-7) and show the relative magnitude of 
th e fl ows and the effective average ve loc ity increase. 
7,---------------------------------------------------, 
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Figure 7-25 Force at plate 0 developed fro m a 0.5 mm diameter ex it ori fice in the ACI 
at a fl ow rate of28.3 I min-I 
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Tab le 7-7 Calculations for ex it ori fi ce diameter of 0.34 mm and 0 .5 mm 
Ex it orifice diameter (mm) 0.34 0.5 
(I) Integral for a irfl ow (x I 0' ) 0.203 0.129 
(U) Integral for spray (x I 0» 0.098 0.098 
(I I I) Integral at Plate 0 (x I 0» 0.476 0.471 
Rati o (111 )/(1+ 11 ) 1.58 2.07 
Effective increase in velocity 58% 107% 
7.7.4 Discussion 
The results show how the ve loc ity at the first s tage of the impactor can be greatly 
in creased and the increase is a function of the ex it ori fi ce di ameter used in the actuator 
(Tab le 7-7). The increase in velocity will significantly change the ECD of the first stage 
which at the standard flow rate has a ECD of9 ",m however thi s wi ll decrease to 7.1-
",m for the 0.34 mm diameter exit orifice and 6.3 ",m for a 0.5 mm exit orifice given the 
average velocity increase pred icted (Table 7-7). 
The add itiona l momentum wi ll further complicate the fl ow in AC I coupler region and 
the increased effect thi s focused flow has on the path of least resistance, the inner ring 
of jets. The overload in g of the inner ring was evident in Figure 4-13 where the 
depos ition at the inner ring is out of proporti on to that predicted by a simple flow 
analys is and the CFD analysis showed why the perform ance of plate 0 can be distorted 
by the non ideal impaction fluid fl ow through j ets close to the cen tral hole in the 
impactor plate. 
The increased inertia for large particles approachin g the fl ow divergence region j ust 
above plate 0 j et rings wi ll further increase the wa ll losses to the top surface of the plate 
o jet ring first shown by Vaughan and emphasize the need to assay the jet pl ate 0 for 
depositi on (wall loss). 
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There is a secondary problem associated with an increased velocity of parti c les as 
although the reduction in ECD should increase depositi on on the stage the shift in the 
depos ition efficiency tends only to increase the depos ition of particles at the smaller 
end of the depos ition probability curve. Those at the top end of the efficiency curve are 
now stat isti ca lly more likely to bounce(J 83, /96) and thereby further distort the 
analys is. 
Whil st the increased momentum at plate 0 demonstrates that not all the spray 
momentum is di ss ipated in the throat section a large portion of the momentum is 
diss ipated and much of the momentum wi ll cause increased deposition in the throat due 
to the effective ECD of the throat being reduced below the ideal, steady state, laminar 
inlet fl ow value of 17-20 Jlm (28.3 I min-I) determined in chapter 6. 
The impactor data for solution and suspension inhalation products (secti on 4. 1) showed 
a s ignificant departure from the lognormal in term s of e ither the correlation to a 
probability lognormal plot or sign ificant deviation to the ex pected MMAD or GS D. 
The earlier com puter modelli ng confirmed that even where the input aerosol was not 
lognonnal the impactor based data analysis would tend to approach the lognormal. 
The increased momentum biased deposition on upper plates, can di stort the material 
di stribution as well as contribute to the less well understood problem of bounce whi ch 
is a potential problem that occurs with increas ing velocity. 
The effectiveness of plate coatings, as discussed in the literature review, can be difficult 
to assess due to factors that are complex to define and include the nature of the particle 
with respect to density, hardness, adhes ive properties of the surface, adhesive properties 
of the coating, compliance, angle of contact, coeffic ient of restitution, part ic le shape, 
particle agglomeration and drug loading to name a few. 
The dru g load in g is an importan t aspect because even where the surface coating is good 
at reducing bou nce the surface w ill soon become coated in a thin layer of impacted 
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particles and once this has taken p lace other factors such as re-entrainment can become 
the dom inant factor in the deposition dynam ics. 
The avoidance of bou nce is a criti ca l issue as bounce results in particles depos iting on 
plates further down the impacti on stack prod uc ing false size data w ith an underestimate 
of aeroso l mean part icle size and a distortion of di stribution parameters such as the 
GSD. 
It has been well documented that particle bounce can increase with increas ing particle 
velocity and therefore any factors that increase velocity will induce potenti ally mutua lly 
exclusive effects. 
It has long been estab lished th at the calibration of cascade impactors is key to the ir 
successfu l use and one of the primary aspects is the control of the vo lumetric air fl ow 
through the impactor. The vo lumetric fl ow directly controls th e ve locity of air through 
the impactor jets and is a key parameter in the determ ination of the Stokes Num ber 
which in turn determines the performance of the impaction system. 
Factors that change the volu metric flow rate such as cal ibration of the volumetric flow 
meters and dimensiona l integrity of the j ets can be controlled through ca libration 
proced ures. There are other factors that have not received much attention from users of 
cascade impactors with metered dose inhalers over the years and one of these is the 
potential influence that the momentum of the spray could have on the ai r velocity. 
Experimental data indicate that the peak mo mentum of the spray, over a range of ex it 
ori fi ce diameters and propellant temperatures, is up to two orders of magnitude greater 
than that of the test air flow (section 7.5). 
At the instant the actuator begins to del iver the spray the ve locity in the first stage will 
rise rapidly due to the incompressibility of the air column. however due to the finite 
time req uired fo r the first partic les to traverse the length of the throat the initi al particles 
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will not arrive at the first stage at this time and the siz in g and delivery process will be 
phase separated. 
Under non dynamic test cond itions it takes the inlet air approxi mately 150 ms to travel 
between the actuator mouthpiece and the inlet to the first stage (assu ming a distance of 
250 mm and an in let fl ow rate of28.3 I min·'). T his time wi ll shorten as the momentum 
transfer in creases. 
The out of phase relationship between the induced fl ow rate increase and the particles 
could result in a non linear relationship due to the phase lag resultin g from the distance 
the partic les have to trave l and give rise to the distorted s izing of the d istri bution seen 
in section 4. 1. 
The Stokes Number maybe affected by the viscos ity chan ge resulting from the add ition 
of propell ant vapour to th e ai r flow as the propellant contribution is significant and 
increases with increas ing valve volume and exit o ri fice diameter. 
7.8 Conclusions 
~ T he rapid pressure ri se seen at the start of the metered de livery will rapidly 
exceed the critical pressure ratio as the air/vapour present in the expansion 
volume are rapidl y compressed and reduce the th eoreti cal expansion vo lume 
availab le for fla shin g and the flow of the vapour out of the metering volume 
wi ll be choked earl ier than otherwise predicted. 
~ The ti me taken for the expansion pressure to reach a maximum (ri se tim e to 
90% maximum) is typica lly less than 20 ms. The rapid rise coupled with a small 
ex it ori fice where the peak expansion pressure approaches the saturated vapour 
press ure wou ld indicate that the metastability effects may not be significant 
when ad iabatic flashing is the mai n flashing process. 
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~ The spray fo rce data shows the momentum of the spray to be at least an order of 
magnitude greate r than that of the air used in standard AC I testing of the pMDI 
and could potentiall y have signi ficant implications in the interpretati on of AC I 
based particle size analysis due to momentum transfer increasing the veloc ity at 
the first impactor stage. 
~ The spray fo rce method prov ides an a lternative to actuator fl ow modelli ng for 
determinin g the effects of system vari ables (ex it orifice diameter, pro pellant 
pressure, temperature etc.) on th e spray delivery process without the need for 
complex modellin g. 
~ The variation seen in the spray fo rce s ignal appears symmetrica l about the mean 
whereas the variation in the laser light plane illumination method is non-
symmetrical with irregul ar hi gh and low frequency components. 
~ Due to the hi gh sensiti vity needed and the proxi mity of the transducer to 
measure the low spray fo rce the sound of the spray emanat ing fro m the de livery 
process is modulated with the spray fo rce signal making the true spray force 
measurement di ffi cult to assess. 
~ Suitable e lectronic filtering of the spray force signal perm its the underl ying 
force s ignal to be seen in greater deta il and reveals fo r the fi rst time potential 
evi dence for the early choked two phase fl ow. 
~ Spray force measurements recorded at di stances up to 200 mm confirm the 
conservation of momentum and also indicate a lack of temporal mixing. The 
spray fo rce duration and pro fil e remained constant over longer distances than 
previously reported and most li kely res ult from th e improved transd ucer design 
and the removal of the mod ulated sound signa l. 
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;;. Use of the C lark atom isat ion mode l did not result in a good co rrelation to the 
experimenta l atomisati on data generate in these studies however a slight 
modification to the va lue of the constant and exponents did produce an 
improved fit 
;;. The range of experimenta l droplet diameters measured in these studies fa lls well 
outside those measured by Clark in hi s derivation of the model and the accuracy 
of the predictions should be judged accordingly. The particle size data measured 
here will be lower than measured by C lark due to improvements in detector 
design of the APS instrument used in these studies. 
;;. The C lark model does not work for metered atom isati on because in practice it 
can on ly predict droplet diameters greater than 13 ~m which, based on the work 
generated here, is too high for 134a based formu lations. The most likely source 
of the lack of accuracy of the Clark model is the incorrect computatio n of th e 
quality term for the metered atomisati on process because the pressure va lues 
were determined experim entally and highlights the significant cha llenges if 
accurate fl ow models with the correct deterrn ination of terms for variables such 
as quality are to be fo rthcoming. 
;;. The use of the ad iabatic flashi ng assum ption and heat transfer in the 
extrapo lation of residual particle size to the ini tia l drop s ize reduces the 
predicted droplet s ize and gives good agreement with experim enta l data 
meas ured using the PDA techn ique. 
;;. For the first time a method has been proposed and experimentally proven to 
demonstrate that momentum transferred from the spray is sufficient to in crease 
the inertial deposition in the throat and at the entrance to plate 0 
;;. The momentum transferred from the spray to the airflow wi ll rai se the ECD for 
stage 0 and potentially d istort the distribution of material in the ACI. 
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>- The momentum transfer is unique to the pMDI as the momentum in the testing 
of DPI 's is prov ided only by the test ai rflow, unless the OPI is gas or propulsion 
assisted . 
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8. Discussion and Conclusions 
8.1 Discussion 
One of the biggest chall enges fac ing the developer of inhalation therapy is th e correct 
determination of particle size and specifica lly the resp irab le fraction of mass that 
theoretically penetrates into the critica l areas or the lun g. The criti ca l size determined to 
meet this criteria is that less than 5 Ilm although recentl y it has been proposed that <3 
f1ITI is a more crit ica l size for defin ing inhalation performance(261}. The pharmacopoeia 
(EP and US P) states "Starting at the fina l co llec tion site (fi lter or MOC), derive a table 
of cumulati ve mass versus EC D diameter of the respecti ve. Calculate by interpolation 
the mass of the acti ve substance less than 5 flm . Thi s is the Fine Particle Dose (FPD)". 
There are however no instructi ons as to how thi s interpo lation should be conducted and 
it is common practice fo r those using cascade impactors to quote the mass less than 4.7 -
Ilm because this is a defined ECD diameter ofa speci fi c plate of the AC I and therefore 
all plates below this can be grouped to define th e respirable mass. 
The use of 4.7 Ilm plate based grouping is ambiguous because the computational 
modelling shows th e deposition range to exceed those ideal ECDs defined in the 
pharmacopoeia and varies as a function of the input di stribution. 
The pharmacopoeia then goes on to say " If necessary, and where appropriate (e.g., 
where there is a log-normal distribution), plot the cumulative fract ion of active 
substance versus ECD di ameter on log probabi lity paper, and use this plot to determine 
values for the Mass Median Aerodynami c Diameter (MMA D) and Geometri c Standard 
Dev iation (GSD) as appropriate. Appropriate computational methods may a lso be 
used". The use of the term appropriate would imply that a lognorm al distribution is not 
expected and probably refl ects the general nature of data submitted for regulatory 
approval or publi shed in scientific journals. 
The computational based modelling of th e ACI depos ition profil e confirmed that the 
determination should approach that of a lognormal d istribution even when the input 
33 1 
C hapter 8 Discussio n and Conc lusions 
di stribution was not lognormal. It was also shown that multimodal input di stributions 
(bi and tri-modal) could a lso resul t in a lognonna l conclusion be ing determ ined from 
the determination. In addit ion it was shown that input distri butions that were not 
logno rmal, be in g either of a constant mass or constant number fo r each d iameter and 
coupled with the assumption of ideal impactor efficiency also resul ted in outputs that 
approach the lognormal. The fit of data to the lognormal assumption indicated a better 
fi t to the lognorm al th an seen in many of the published data sets fo r pharmaceutical 
based determinations fro m the pMDI's. 
The stage ca librations used in the computationa l model were based on o il droplet 
ca librati on studi es which coul d be expected to give deposition characteristi cs that 
approach the ideal response fo r inertial impact ion properties. As the nature of the 
impaction part icle changes with respect to factors such as su rface properties, rigidi ty 
etc. the di spersion of parti cles increases with a correspondin g decrease in accuracy of 
the deposition. In genera l terms these processes will decrease the MMA D and increase 
the GS D. 
Based on the above observati ons the aerodynamic diameter fro m a range of 
fo rmul ations and ex it ori fice dia meter were measured using th e APS to veri fy the shape 
of the di stribution produced by the systems. The APS data showed the distributions to 
approach the lognorma l. The testin g of a suspension fo rmul ati on usi ng the APS a lso 
showed the d istributi on to approach the lognormal. 
There are as discussed advantages and disadvantages with all the particle s izing 
meth ods available fo r the ana lys is of inhalation d istributions and to obtain a second 
opinion the droplets of the so lution formulat ion were analysed downstream of the exit 
orifice using a Phase Doppler Anemometer (PDA). The data from the PDA anal ys is 
also showed a lognorm al distribution. The data measured by the PDA is a vo lume 
based diameter not aerodynami c diameter but in a so lution formulation the drop let 
di stribution will be the same as the distri bution of the residual di ameters because the 
volume sca ling factor is a constant, the one thi rd root law for the so lute. Therefore two 
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methods indicated lognormal distributions whilst cascade impactor showed a dev iation 
from the lognorma l. 
The pred ictive modelling of the deposition within the AC I, based on numerical models 
for the true stage perfo rm ance, showed the true size of the drug depos ition on the upper 
plates fe ll we ll below the diameter designated for those stages as defined by both the 
pharmacopoeia and the instrument manufacturer. Based on those results the validity of 
using plate deposition data where the deposited mass is small must be ca lled in to 
question when ca lcu lating MMAD and GSD data as the data on these plates skew th e 
analysis(172, 228) and result in an increase in the GSD. 
The results from the computation modelli ng of the ACI indicated that the ACI wo uld 
underestimate the MMAD and overestimate the GSD when challenged with a known 
lognormal distr ibution. When the AC I data was corrected by the nonlinear method 
proposed by Thiel the MMAD was shifted further from the true va lue and the GSD was 
under corrected for low GSD' s and overcorrected for higher GSD's. 
The computationa l mode lling of Mono-modal d istributions showed the AC I would 
overestimate the GSD of the input di stributio n and the modelling showed the depos ition 
on the upper stages to be a function of the input di stribution and probably resu lts from a 
combination of poo r impactor stage design and overlapping stage performance. The 
actual MMAD predicted for a stage was appreciab ly d ifferent and lower than the 
diam eter the data would be correlated against in the conventional lognormal probabi li ty 
plot. 
The distribution of part ic le s ize was higher for the ACI than the APS (o r PDA when 
corrected for evaporation). The APS data cou ld be expected to be lower based on the 
loss of data less than 0.5 fU11 (due to lower detection lim it). The use of multiple 
instrumental techniques to measure particle s ize and distribution demonstrated the 
importance of not re lying on one instrumenta l technique to make critica l assumptions 
regardin g key descriptive parameters. The use o f more th an one particle s ize parameter 
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also demonstrated how trends cou ld be more clearly defined as the MMAD showed 
linle response to increasing ethano l content in the form ul ation whereas the D10 and D)o 
parameters which are based on the numerica l com putation of a mean and are 
particularly important when computing data from sampl ing in struments like the APS 
where a few large particles can significantly alter a parameter like the MMAD. 
The so lution and suspension formu lations used in these studi es are based on the first 
commercial formu lations to use HFA propellants and the cascade impactor data 
determ ined are generall y bener fits to the logno rmal than those generall y reported in the 
literature for inhalation products. 
The va lidity of the cumulative lognormal technique was assessed with distributions that 
were either of constant number or constant mass function for a ll diameters covered by 
th e dynamic range of the ACI. The lognormal plot showed that these distributions 
produced fits on a cumulative lognonnal probability plot bener than those determ ined 
for a s ignificant number of published inhalation products and therefore poses the 
question at what level of correlation coeffi cient should be deemed appropriate for a 
lognormal plot before the data va lue determined for MMAD and GS D are 
inappropriate. Based on the model pred ictions generated for these non lognormal 
distributions and coupled with th e fact that most distributions even those that are mu lti-
moda l should approx imate to the lognormal, the acceptab le correlat ion coefficient 
shou ld therefore be greater than 0.95 to be considered lognormal. 
The influence of the USP throat was evaluated fo r a range of formulat ion and ex it 
orifice diameters and it was observed that the data obtained from th e APS showed no 
significant change in either the mean or di stribution as a function of formulation or 
orifice diam eter. The same combination of formu lation and exit orifice were then 
evaluated usin g a custom designed throat inlet where it was shown th e mean and 
distribution increased with increas ing eth ano l content and exit orifice diameter thus 
demonstrat ing the lim itat ions of the USP throat in determining the true di stribution 
characteristics. 
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Due to inertial deposition in USP throat the size of data reach ing the cascade impactor 
plates is restricted and thi s limits the dynamic range of the AC I. Therefore lognormal 
distributions with tails longer than the ECD of the USP throat will have the ir 
distribution truncated . The com putation model showed that even a truncated lognormal 
distribution will appear lognormal in the ACI and the MMAD and GSD for the 
truncated di stribution will be incorrect with the MMAD being reduced and the GS D 
increased. Any combination of MMAD and GS D that predicts the distribution extends 
beyond 20 )!m should be viewed with a degree of sceptici sm and a contour plot was 
developed to indicate combinations of MMAD and GSD as a function of throat ECD 
that wou ld produce particle distribution data that should be considered unreliable. 
The computer modelling also showed the poss ibility of interpreting lognormal data as a 
bi-modal di stribution and is due to the functional response of the upper stages and the 
overlapping of the stage effi c iency curves. 
Analysis of the APS data when fitted with a US P throat showed there to be no partic les 
greater than 3 )!m usin g low ethano l form ul ations, increasing to 4 )!n1 w ith the highest 
ethanol content and given the depos ition pattern in the equivalent ACI data was 
surprising as drug was detected on all upper pl ates of the ACI and the first impactor jet 
plate. It can therefore be concluded that the deposition seen on the upper plates of the 
AC I is not a true reflection of the input particle s ize di stribution and occurs due to th e 
long tails at th e lower end of the efficiency curves capturing particles small er than the 
defined ECD. The assumption was supported by the computational modelling of the 
ACI which demonstrated that the deposition varied as a function of the input 
distribution and the average of the median diameter of the depos its on the upper plates 
was well below the ECD. 
Measurements of the force delivered by the pMDI ' s were tested over a range of 
temperature and orifice diameters and the results indicate that the momentum of the 
airflow could be raised signi ficantl y as there was up to two orders of magnitude 
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difference between the momentum of the airnow and that produced by the spray. It is 
therefore probable that droplets will traverse the distance from the exit orifi ce to the 
inertial impaction site much faster than predicted by the airnow alone. As the velocity 
is raised by the momentum transfer the cut off efficiency curve for the mitre bend 
decreases, however the momentum transfer is limited by the incompress ibility of the air 
co lumn and the dual tapered inlet to the US P throat as demonstrated by the lack of 
momentum transfer measured at the outlet of the US P throat. 
Based on an extrapolation of the res idual aerodynamic di ameter the largest diameter 
droplets passi ng through the US P throat, based on the upper portion of the efficiency 
cu rve, would be between 30 and 40 ~Im . Given the efficiency of the USP throat a 
drop let with an initial diameter >50 !lm must undergo s ignificant evaporation prior to 
reachin g the mitre bend. A 50 !lm diameter droplet fro m the high ethanol formulation 
requires more than 200 ms to evaporate down to 20 !lm diameter. Assuming the droplet 
is travellin g at the average instrument a irnow velocity it has between 62.5 ms and 125 
ms depend ing on the particle trajectory with the shortest transition tim e alone the centre 
li ne and up to tw ice that if travelling c lose to the wall. Given the expected exit velocity 
of the pMDI spray (>5 0 m S·I) and the momentum transferred from the spray plume 
then theoretically there is insufficient time for such droplet to evaporate down to a 
diameter small enough to pass th rough the US P throat. 
One poss ible explanation fo r the droplets hav ing an increased evaporation time could 
be due to the inability of the sprays ' plume to penetrate the co lumn of ai r in the USP 
throat because measurements of the spray force at the exit of the US P throat show 
approximately 90% of the spray based momentum has been diss ipated. It would exp lain 
the previously observed depos ition pattern in the US P throat where a s ignificant 
fraction of the deposition was in the inlet region adjacent to the mouthpiece exit and not 
in the bend region(J90). The dual taper inlet design of the USP throat wo uld impede the 
expansion of the spray plume and further exacerbate the problem. 
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The droplet evaporation rate coupled with the momentum transfer dynamically chan ges 
the inertial characteri sti cs for the US P throat and to further the understanding of dropl et 
evaporation a dual component evaporation model was developed assumin g adiabatic 
fla shin g of the propellant during droplet formation. The APS based experimental when 
fitted with the USP throat confirmed that no particles greater than 4 I"m were detected 
from th e high ethanol fo rmulations. In the low ethano l formulations the upper particle 
size was limited to the range 2-3 I"m . The significant limitation to the upper range 
detected by the APS raises serious questions rega rding the deposition distribution on 
the upper plates of the ACI. Based on the formulation and potential residual droplet 
diameters these upper limits for particle diameter confirm the upper inertial impaction 
range in the USP throat. 
The fl ow path between th e mitre bend and the first impactor jet plate is longer than that 
between the inlet and the mitre bend increasing th e evaporation tim e available prior to 
the start of the particle sizi ng process. It is clear from the dual component evaporation 
model that there is insuffic ient time for droplets at the upper end of the US P efficiency 
curve to fully evaporate prior to reach ing the first impactor stage. It is therefore 
inev itable that much of the depos ition seen on the early stages of the AC I from mid to 
high ethanol formulations is due to incomplete evaporation and the resultant particle 
distribution di storted with the result that the particle s ize data determined is unique to 
the test method and may not bear any resemblance to the true in vivo performance of 
the product. 
It can be conc luded that wh ilst the ACI data is reproducible and fit for purpose with 
respect to quality contro l the relationship to the true inhalation performance wi ll remai n 
contentious until a suitable fit for purpose test method or correlation technique is 
developed. 
ACI based data is not suitable for understanding the true particle size and distribution 
characteristics or the atomisation process due to limitat ions imposed by the US P and 
aforementioned evaporation limitations. In order to overcome these limitati ons a 
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custom designed inlet throat or tube was used. The data from the new inlet showed the 
upper residual particles fro m low ethanol formulation to be 3 flm and up to 15 fun for 
the hi gher ethanol formulations, corresponding to initial drop let diameter of 
approx imately 30 to 150 flm respectively. The upper limit for the predicted initial 
drop let diam eter agrees we ll with the droplet diameters determined from high speed 
video analysis. 
The data reported by the APS instrument when fitted with the US P throat indicated the 
maxim um particle size to be no greater than 4 flm and was supported by the PDA data 
which allowing for evaporation o f ethano l and res idual prope llant indicated a simi lar 
value. Given that the cascade impactor data showed depos ition on the upper plate 
where the ECD is s ignificantly greater than 4 f!fI1 and therefore raises the question of 
the comparative accuracy of the ACI and the APS methods. Particularly as the ACI 
data for the so lution formulation was hi gher than the APS albeit by only O. 2 fUn , 
however the lower detection limit for the APS is 0.5 flm. The AC I cascade data 
indicates that approximately 10% of the mass is less than 0.4 fUn , based on the mass in 
th e filter. As the MMAD is based on cumulative mass and knowing th e APS is 
' miss ing' approx imately 10% of the mass the MMAD for th e APS data can be 
corrected for thi s loss. Once this is done comparable MMAD values are determined 
from th e two instruments. 
CFD modelling of th e USP throat, US P th roat plus a 100 mm extension and the US P 
throat with the ACI coupl er and first jet stage, all showed similar res ults with respect to 
suitable convergent solution indicatin g that the fl ow in the outlet section of the US P 
throat is unstable and therefore not conducive to imparting ideal fl ow characteristics at 
the entrance to the first jet stage . Animations of the velocity contours during the 
convergence process showed the fl ow to eventually become un steady w ith a period 
tendency. Us in g an unsteady time dependent CFD so lution the periodi c frequency was 
determin ed as 9 Hz. Within the pea k to peak period of II Oms the effective ECD 
effi ciency for a 20 flm diameter parti cle varied between 0.47 and 0.53 in th e mitre bend 
region of the USP throat. 
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The periodic nature to th e impact ion characteristics has s ignificant implicat ions where 
the duration of the spray approaches the frequency of the fl ow as the timing of the 
actuation wi ll have s ignificant influence over th e level of deposition and th e potentia l 
for reli able and reproducible data fro m sin gle shot analys is is limited by the non ideal 
peri odic nature of the fl ow. 
The des ign of the AC T coupler does not fac ilitate the dive rgence of the flow as it exits 
the US P throat and the redes ign of the first jet stage (from Mk I to Mk 11) where the 
layout of the jets was altered resul ts in the fl ow from the th roat approaching the centra l 
region of the jet plate as if it were an impactor p late. The fl ow has to diverge rapidly 
just above the jet plate and the sudden change in direction can facilitate particle 
deposition on the central region of the jet plate. The rapid change in direction res ul ts in 
the a irflow hav ing j ust turned through 90 degrees, hav ing to turn back through 90 
degrees to enter the jets of the fi rst stage. This sudden change in the direction of the 
a irflow results in the potentia l depos ition of particles not just on the central region o f 
the jet plate but also the jet entry regions of th e first jet plate. 
Theoretically depositi on is undes irable on the jet stage as it would be classed as wa ll 
loss. Data th at is not recovered lowers the material balance which is a key 
pharmaceutical parameter. Chemica l assay fro m the AC I testing showed a significant 
level of drug on the first jet stage (0.5 to I % of that entering th e AC I, beyond the USP 
throat). Interestingly the higher deposition was detected in the so lution fo rmulation 
which had the lower MMAD and a greater lim it to the upper particle diameters. One 
poss ible explanation is that the impaction of liquid drop lets wou ld leave dru g residue 
behind; whereas a droplet with a single suspension particle wi ll result in either all or 
none of the drug in that particle being deposited . 
The directional effect of the airflow through different inhalation delivery devices was 
evaluated by taking si mplified in let boundary versions representing the extremes of 
dev ice input ai rfl ow with the airflow entering either thro ugh the top or the bottom of 
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the device when orientated for laboratory testing or patient use. The direction of the 
inlet airflow changed not only the fl ow through the delivery dev ice but al so through the 
mitre bend of the USP throat and beyond. The particle tracking analysis showed a sh ift 
of several microns either side of the idealised input airflow. 
CFD based particle tracking in the US P throat with an extension as used for the APS 
ra ises questions regarding the isokinetic sampl ing capabi lities of the APS when fitted 
with the 3306 impactor sampler. The particle tracking indicated a tendency for the 
larger particles to migrate to the outer regions o f the US P throat and the extension tube 
producing a sheath of part icles the trajectory of which resu lts in them not passing close 
to the inlet of the isokinetic sampler. Any momentum effect could a lso cause sampling 
issues due to the increased flow ve locity tak ing the average ve locity in the throat above 
the sampling rate designed for the isokinetic sampler which is based on the standard 
airflow. 
The CFD modelling of the first and second impactor stages showed the non ideal 
inertial impacti on characteristics of the inner ring with the flow out of the inner ring 
angled towards the centra l hole in the impactor plate . The non ideal angled impacti on 
can result in particles that should be retained on the impaction plate subsequentl y 
bouncing through the impacti on stage to the stage below. In the case of the fi rst stage 
(stage 0) the process will be repeated at the second stage (stage I) because particles 
passi ng through the inner impactor plate jets are presented to the inner two rings of the 
next stage with the result that partic les that should have depos ited o n plate 0 can 
eventually reach plate 2. If particles that should have depos ited on plate 0 reach plate 2 
they wi ll have sufficient impaction energy, due to the increasing flow velocity, to make 
their depos ition characteristics unre liab le due to particle bounce and these particles 
could therefore deposit on any of the subsequent impactor plates or eventually the filter. 
A particle depos ition study showed the nature of the deposits on the first stage to vary 
with the jet ring position and the shape of the deposits were not circular thus 
demonstrating a departure from idea l im paction. The size and shape of the deposits 
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confi rmed the assu mption that the efficiency curves are much wider than Stokes based 
theory would predict. The broadenin g of the effic iency curve is due to pressure drop 
variation on the impactor plate s ide of the jet, impingement of ai rflows between j ets, 
the development of parabolic ve locity profi les espec ia ll y in the upper plates where the 
Reynolds number are low, the position of the ho les in the centre of the upper two 
impaction plates and the di str ibut ion of the airflow approachin g the first stage. 
The CFD modelling showed the velocity difference between the inner two and outer 
two jet rings of the upper two stages to be signifi cant which will broaden the impaction 
characteristics of the stage. The modelling also demonstrated a sign ificant development 
of the ve locity profile withi n each of the j ets which results in a wider range of particle 
veloc ities and therefore a further broadening of the impaction characteristics. The 
difference in the average velocity between the inner and outer rings was due to the 
pressure differential induced by the different outl et flow paths. The significance of th e 
outlet flow path was further hi ghli ghted by the CFD modelling of stage 3 where there is 
only one outlet fl ow path that passes below al l e leven jet rings resu lting in a significant 
pressure drop and a correspond ing veloc ity variation in the jets with the maximum 
velocity fo und in the outer jets and the m in imum in the inner jets with a resultant 
widening of the stage efficiency curve. 
The CFD modell ing was also used to veri fy the parabolic velocity profile developed by 
the flow of a Newton ian fluid through short tubes. The development of a parabolic fl ow 
further decreases the efficiency of an im pactor stage due to the wider di stribution of the 
air velocity. Gu ideli nes for the design of cascade impactor stages have recommended a 
ran ge of 500-3000 fo r the Reynolds number but this fact appears to cause some 
confusion as in a recent publication the range of 500-3000 was attributed to the need to 
maintain a turbulent flow and nothin g cou ld be further from the truth . 
The ana lys is of true particle size and di stribution characteristics are restricted by the 
design of the US P throat w ith its unsteady o utle t flow, dual tapered inlet region and 
mitre bend all contributing to unsuitable deposition patterns. To overcome these 
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limitations an inlet was designed to Facilitate the capture of all particles within the 
dynamic range of th e APS instrument. 
The sampler was des igned to overcome potentia l limitations of the USP throat by 
increasi ng the range of aerodynamic diameters capable of reaching the detector and a 
CFD analysis carr ied out to assess the fl ow and particle transfer characteristics. The 
new inlet was designed to provide sufficient expansion space and plume penetration 
distance and to permit significant evaporation of the droplets wh il st maintaining the 
time based sampling capabilities necessary for sampling instruments like the APS. The 
use of large volume expansion devices d istort the part icle s ize d istribution by limiting 
the sampling probability of larger droplets while simultaneously over sampling the 
large fraction of fine partic les that fl oat around in the large vo lume due to low 
gravitational settling characteristics and air currents circulating within the large vo lume. 
The C FD demonstrated that particles as large as 20 ftm (the upper detection lim it of the 
APS) could reach the instrument. 
Measurement of the expansion cham ber pressure showed the pressure to rise somewhat 
between the assumptions of Dunbar and Clark and the pressu re never achieves a steady 
state. Add to this the complex ities nucleation and initial bubb le growth and any 
metastable therm odynamic effect and it is easy to appreciate the s ignificant complex ity 
in modelling the fl ow. Inc lu de the knowledge that those who study the two phase fl ow 
of propell ants fl ow in g under contro ll ed conditions invoke different models for two 
phase fl ow, slip and bubb le or vo id di stributions. It is therefore difficult to assess the 
pMDI atomisation model of Cl ark especially as C lark himselffailed to get an adequate 
fit to the metered vers ion of the model where the absolute minimum size predicted 
should approximate to 13 ftm . In the development of the model the pressure was kn own 
and the quality com puted and it is this computation that must be in error and highlights 
the complex ity in determining the void fraction or quali ty during the delivery phase of 
the pMDI. 
342 
Chapter 8 Discussio n a nd Conclusions 
The atomisation data was correlated to the Clark model using fo ur poten tial variants of 
the model and it was shown that the assumpti on of minimal void fraction showed no 
corre lat ion with the measured data but usi ng the assumption of maximum void fract ion 
a reasonable acceptable correlation could be achieved using the conti nuous atom isation 
version of the model. The metered version as di scussed in chapter 7 was not suitable 
and potential reasons were explored there. The C lark model was modified to give an 
improved correlation with the experimental data by increasing the constant (C) fro m 
8.02 to 10 and remov ing the exponent from both the pressure and quality terms giving 
The experim enta l data and the response of the mode l wou ld tend to suggest that quality 
is a s ignificant factor and that some degree of corre lation may indeed ex ist. 
A correlation to the experimenta l data was imp roved fu rther by correlati ng the ad iabatic 
flashing fraction of propellant with extrapolated droplet diam eter. 
b 
Dj = a + 2 
m/flaSh 
Although a good corre lation could be obtained from the Clark model it does require the 
assu mpti on of maximum flashing within the expansion chamber. The agreement with 
the C lark mode l by Dunbar assumed co mplete fla shing with in the ex it orifice. However 
the practica l ev idence contrad icts these theories, as complete ad iabatic fl as hing would 
resul t in little or no divergence of the emergi ng spray. Under complete adiabatic 
flashing the temperature of the liquid approaches the boi ling point and the saturated 
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vapo ur pressu re drops to atmospheric. The Du nbar mode l a lso relied on the ex istence of 
an unproven bubb le growth rec ircu lation region within the exi t orifi ce. 
The modelling of th e del ivery from the metered dose inha ler is complicated by the 
small vo lumes invo lved, the short non steady state duration and a lack of deta il ed 
knowledge relating to the transient thermodynamic properties. 
The correlation of the atomisation data to th at predicted by the Clark model is 
reasonable at th e low ethanol level but deviates sign ifica ntly at the higher ethanol level. 
Given that it is now accepted th at the higher ethano l data is an underestim ate due to the 
non detection of large droplets, then the model does not predict with any degree o f 
accuracy. The shape of the response is however in the same direction as the 
experim enta l da ta; whereas the data for the minimum quali ty pred iction is fl at , 
ind icat ing no response to the changing ethanol levels. The C lark model does not 
contain a distribution factor, which is a limitat ion to any practica l application of a 
model with this kind of defi ciency. At best a models of th is form prov ides only an 
approx imati on to a central tendency, bu t in many applications maybe all that is 
requ ired . 
The novel approach taken here invo lved des ign ing the system (formulation and 
expansion volume) to limit the potentia l range of vo id fracti on or quality. Based on 
these limitations it was s imple to calculate the two extremes fo r quali ty at the start of 
the atomisat ion process, one where the assumption is minimum flas hing which is 
relatively easy to compute and the max imum fl ashing (no id le t ime, or bubble growth 
requirements) assu ming on ly adiabatic flash ing occurs. The use of a non vo latile co-
so lvent reduces the error limitations by imposing a known non fl ashin g component into 
the void . 
The high speed video images indicated a dearth of droplets in the 50 to I 00 ~m range 
and could indi cate that in formulations where flash atomisation is inhibited a second 
atomisation mechani sm co uld become prominent, as the APS data still ind icates a large 
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proportion of sma ll parti cles. The second mode which generates the larger droplets 
could be present in all formulations but beco mes more prominent as the fl ashin g based 
process declines . Thi s could ex plain the spluttering effect observed in low vapour 
pressure fo rmu lati ons where the degree of fl as hin g and non homogenous flow beco me 
more signi fica nt factors. 
Computationa l modelling of th e AC I confirmed that plate depos ition should confo rm to 
a lognormal distribution even where th e input distribution is not 10gnonna J. It was 
further shown that bi and tri-m odal input distributions approximated to the lognormal 
di stribution and the deposition profil e is a fun ction of the input distribution. 
The AC I has a propensity to indicate a bi-modal di stribution when the data is analysed 
on a mass per plate bas is due to the spacing and overlapping nature of the ECD o f the 
upper plates with the bi-modal tendency increasing with increasing MMAD and to a 
lesser extent GS D. 
Attempts to correct the modelled distributions usi ng th e non linear method of Thiel 
further decreased the MMA D below the va lu e defined by th e known input d istr ibutions. 
For a conclusion of a lognormal distribution assu mption to be valid the correlation 
coeffi cient for the lognormal plot needs to be >0.95 
Any determination of a lognormal distribution should be supported by at least one other 
particle sizing methodo logy to val idate the assumption. 
The plate depositions at either end of the cumulative mass plot, principa ll y at the upper 
end, exert greater influence on the assumptions made regardin g the correlation. 
However caution is necessary as these depos itions can be influenced by a s ignificant 
number of other factors and should be di sregard ed if the underl ying cause is not 
understood or validated by another s izin g method. 
345 
C hapter 8 Discussio n a nd Conc lusions 
8.2 Conclusions 
Computer based modelling has shown that th e average diameter of the depos its on the 
upper plates is not only a function of the input distri bution but is s ignificantly lower 
th an the pharmacopoe ia based ECD fo r any of the plates. 
A number of factors have been identified that contribute to the non ideal deposition on 
the upper plates includ ing non ideal probabili ty curves and overlapping stage 
perform ance. Droplet evaporation computations have shown that larger droplets 
pass ing through the mitre bend of the US P throat have insuffic ient time to full y 
evaporate prior to reaching the fi rst stage and the resultant depos its skew the 
distri bution on the upper plates and contribute to the wall losses on the first impaclOr 
stage. 
CFD an alys is has exposed several design fl aws in the upper stages of the AC I with 
respect to jet layout, the position and d iameter of the ho les in the centre of the impactor 
plates, velocity variation, development of a parabo lic ve locity profi le at the jet ex it and 
directional fl ow through the inter-stage flow path, a ll of which contribute to the 
broadening of the deposition effic iency curves. 
crD modelling has verified the non ideal fl ow characteri sti cs in the US P throat where 
an unsteady fl ow analysis has establi shed a periodic variation in the ECD of the th roat 
and a major periodic fl ow in the co upler region where the periodic frequency was 
determined as 9 Hz. Thi s could significantl y infl uence the determination of throat 
deposition when a lower number oftest actuations are required and the duration of the 
spray plume is less than 200ms. The unsteady fl ow a lso contributes to the depos ition 
pattern on the first impactor plate. 
A CFD study confirmed the ECD of the US P throat varies as a function of the 
directional nature of the a irflow through the actuator. Spray visualisati on studies 
demonstrated an upward directional nature to the plume that increased w ith increasing 
exit orifice diameter when tested using an Autohaler™ de livery dev ice. This raises 
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doubts over the theory that the downward direction of the plume is due to recirculat ion 
in the ex it orifice as the fl ow through the Autohaler™ device prior to the exit orifice is 
identi ca l to that found in conventional press and breathe dev ices. 
CFD analysis has shown that the fl ow is asymmetrical in the lower section of the 
standard US P inlet throat and the particle sampling by the isokin etic sampler tube in the 
APS is not positioned to sample uniform ly from spray, so thi s results in lower mass 
samplin g. The magnitude of the problem can be red uced by the addition of extension 
tubes to the section between the end of the inlet throat and the inlet of the 3306 samp ler 
un it. The add it ion of the extensions prov ides more t ime for the fl ow and more 
importantly th e part ic les being carried, to establi sh a more uni form di stributi on before 
reaching the samp ler inlet. 
Measurement of the spray force at the exit of the US P th roat indicates significant 
momentum transfer to the a irflow increasi ng the average velocity at the first impactor 
stage, further increasing the deposition. Spray force measurement of the plume have 
revealed that previously publi shed peak spray force measurement are overestimated 
because there is a sound component modulated onto the spray fo rce signal. Distance 
based studies confirmed the conservation of momentum whi lst demonstrat ing a 
decrease in the so und component. 
The spray electronica lly filtered spray force signal showed for the first tim e a crit ical 
transition in the fl ow I 0-20ms after actuation which varies as a funct ion of exit o ri fice 
diameter and temperature. Measurements of the spray fo rce at the ex it of th e US P throat 
confirmed the transition. 
APS and PDA based data show the particle size of the spray from the so lution 
formulat ion to be lognorma lly distributed and the correspondin g di stribution for the 
suspens ion form ulation approximates to logno rmal. The US P th roat truncates the 
droplet distribution due to incomplete evaporation and lim its any fundamental 
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understanding th at can be conc luded regarding an inha ler spray s ize d istribution and 
respirable performance. 
Us ing extreme limits for the degree of adiabatic fl ashin g, within the dim ensional 
constraints used, showed th e Clark atomi sation model did not fit the experimenta l data 
when the quality of the spray was low, but did improve when the maximum qua lity was 
used. An improved fi t between the experim enta l data and the model was establ ish by 
increasing the va lue of th e constant and sett ing the exponent terms for the quality and 
pressure to unity. 
A further improvement to the experi mental data was determined by implementing a 
model based on the max imum adiabatic fl ashing that could occur in each of th e 
fo rmul ations. 
It can therefore be concluded that the objectives set at the start of the research have 
been met. 
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9. Recommendations for further work 
The development of computational models for o ther cascade impactors and impingers 
including the NG I and Marple Miller Impinger. 
Enh ancements to the computational mode lling approach through the development of 
models for partic le bounce and droplet evaporation. 
Improvements to th e design of the US P throat to eliminate the unstable fl ow 
characte ristics. 
Improvements to the des ign and layout of the upper jet stages, impactor plates and 
inter-stage fl ow paths of the ACI. 
CFD modelling of th e full stage designs and fl ow path s of the ACI to va lidate the use 
of symmetry boundaries. 
CFD modelling of each stage of the ACI and the GI to establi sh whether the NG I 
should replace the ACI as the primary impactor fo r pharmaceutical ana lys is. 
The development of suitable two phase fl ow mode ls for the transient fl ow process 
stages in the metered delivery of the pMDI. 
Development of a suitable multi com ponent evaporation model to account for variation 
in droplet temperature and ve loc ity factors. 
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A.I Pressure transducer 
The manufacturer (Honeywell) of the sensing unit used in the constructi on of the 
custom made pressure transducer quotes a response time of I ms fo r the transducer in 
the as supplied configuration. The custom construction utilised most of the original 
transducer including the pressure sensor, housing and electrical connectors. The custom 
construction shortened the ex isting pressure coupling region reducing the vo lume of the 
in let and then added volume in the form of a small bore stainless steel tube. 
No pressure ca librator ava ilable that could apply an instantaneous ca librated pressure 
pulse of th e required magnitude. The balloon burst technique utili sed by C lark was 
considered but due to the limited pressure range was not considered a suitable 
transducer test. The response time of th e transducer was evaluated using a modified 
actuator and placebo aeroso l. The ex it orifice of the actuator was blocked with epoxy 
resin. The pressure transducer was inserted into a ho le dri li ed into the side wa ll of the 
expansion chamber and connected to the analogue to digital converter board (ADC). 
The aerosol (QVARTM placebo) was actuated and the pressure in the expansion 
chamber was recorded by the PC/ADC and plotted using an Excel® spreadsheet. 
The response time, assessed as the time to reach 90% of max imum input, was 
determined as less than 9ms and the response time to 50% was less than 3ms. The 
response time includes the expansion of the prope llant up to saturated eq uilibrium and 
therefore the true response time of the transducer can be cons idered as being 
significantly less than 9ms given the bubble growth rate and vapour expansion expected 
for the prope llant system. 
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Figure 0-1 Figure pressure ri se for custom pressure transducer 
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A.II Calibration of the force transducer and assessment of sound 
component on spray force measurement 
The spray force signal contai ned a higher frequency component that had been 
determ ined as the sound of the spray de livery process being modul ated onto the spray 
force signa l. The compos ite signal made the determination of true force diffic ult due to 
the magnitude o f the sou nd component. A s imilar high frequency component had been 
seen in prev ious pu bli shed spray force data . 
The high frequency component was lower than the value of7 40 Hz quoted in the 
manufactu rer' s data sheet for the type 3 I force transducers natural/ ringing frequency. 
The higher freq uency component, presented in the experimenta l section, was removed 
from the spray force signa l in rea l time using the 20Hz fi lter of the force transducer 
ampl ifie r un it (S7DC, RD P Electronics Ltd). 
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Due to the conservation of momentum the spray force signa l does not decay with 
distance to the transducer whereas the sound component did as shown be low. 
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Figure 0-2 Figure Spray fo rce measured at 10mm without fi ltering (QVA RTM placebo 
and 0.28 mm diameter ex it orifice) 
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Figure 0-3 Spray force measu red at I OOmm without fi ltering (Q VARTM placebo and 
0.28mm diameter ex it orifice) 
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Figure 0-4 Spray force measured at 200mm without filtering (QVA RTM placebo and 
0.28mm diameter exit orifice) 
The results from the un filtered plots show how the duration and magnitude (steady 
component) of the spray force remain independent of the distance to the transducer 
whereas the high frequency component decays. At a distance of 100101 the high 
frequency co mponent has a peak to peak value of 35mN and at 200 0101 the value has 
decayed to 10mN. The peak of the underlyi ng spray force is on ly 30mN and therefore 
measuring the spray force close to the exit orifice without filtering signi fi cantly a lters 
the determination of true spray force. 
A.n.I Calibration and set up of force transducer 
The force transd ucer was calibrated by rotating the transd ucer through 90 degrees with 
the target uppermost and using a set of calibrated weights ( I, 2, 5 and 10 grams) to 
check the linearity and set the full scale output to the ADC. 
The output of the amplifier was trimmed to zero and the requ ired weight added . The 
gain was adjusted to set th e req uired full scale output to the PC/ADC. After calibration 
the transducer was rotated back into th e spray force measuring orientation and the 
output set to zero . 
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A.III Effect of solute concentration on residual particle size 
The effect of the solute concentration on the res idual parti cle s ize diameter was studied 
to validate the one third so lute law and to assess the low detection limit of the APS. 
A seri es of aeroso ls were prepared us ing different concentrations of so lute. The so lute 
was disso lved in a spec ifi ed quanti ty of ethano l and a liquots the resultant so lution was 
co ld transferred into I Om I aluminium cans containin g 134a prope ll ant. A 5 0~1 
SpraymiserTM va lve was then crimped onto the can. T he units were allowed to stabili se, 
va lve down fo r 7 days prior to testing. 
The process was repeated for each level of so lute solution (Table 0- I) 
Table 0-1 So lute concentrat ions for residual particle size 
Formulation Solute Concentration % 
i 0.0004 
ii 0.0008 
iii 0.0016 
iv 0.0024 
v 0.0032 
vi 0.004 
vii 0.0048 
viii 0.0056 
ix 0.008 
x 0.016 
xi 0.024 
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Figure 0-6 Plot of solute co ncentration against residual part icle diameter with model fit, 
95% confidence interval and res iduals for the experimental data 
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The data confirms the one third so lute law used in the prediction of droplet s ize from 
the residual diameter measured by the APS and a lso hi ghli ghted the lower detection 
limit of the APS at the lower so lute concentration leve ls. A second cause for the 
departure fro m the ideal one third root law is the level of impurities present in the 
starting materials. The propellant and ethanol used in the study were pharmaceutical 
grade however even these grades have low leve ls of impurities that become signifi cant 
as the concentration of the so lute approaches zero. Second sources of particulates are 
those due to material fragments from the va lve and can. Materials extracted from th e 
valve sea l also increase the level of impurities. 
A.lY Calibration of the APS and mask generation 
The re-circulation of very small part icles within the opt ical measuring cell of the 3320 
APS can result in incorrect particle s ize characterisation due to the instrum ent 
characteri sing small particle as being much larger. It is poss ible to remove these fa lse 
particles by applying a data mask to the basic instrument data set when the instrument 
is operated in the corre lated mode. In this mode the aerodyna mic particle size for each 
particle recorded is logged together with the corresponding s ide scatter light intensity 
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data. By applicat ion of a suitable mask it is poss ible to remove the fa lse part icles fro m 
the analys is before co mp uting the spray particle size characteristics. The mask removes 
all part icle size data where the intensity of the light scattered by the part icle is e ither too 
low or too high fo r that spec ific particle di ameter. 
A mask was developed fro m the aerodynamic parti cle size and correspond ing s ide 
scatter data produced by the inj ection of part ic les of accurately determined particle size 
characteri stics. A range of BCR (Community Bureau of Reference) polydispersed, 
glass micro-spheres, metro logy standards, traceable to N PL and BCR standards, were 
used to prod uce a suitable mask covering the part icle size range of the aeroso ls to be 
used in the study. The standard s are supp lied w ith partic le size di stribution certifi cate 
with data o btai ned from several laboratories us ing two s iz ing methods (Coul ter counter 
and Andreason pipette). 
Two deli very techniques were used to evaluate the BCR standards; 
~ Dispers ion of the BCR standard into a p MD I placebo aeroso l. 
~ Air powered injection of the BCR standard into the APS. 
Two BCR standards were used in the study ( 1-1 Oflm and 3-30flm). The BCR standards 
were also used to eval uate other important aspect in the A PS cali brat ion process. The 
spec ifi cation fo r the APS quotes a sampling efficiency of 100% for small particles, 
decreasing to 90% fo r particles at the upper s izing limit of20 flm . From the cal ibrated 
particle size data a samp ling efficiency curve can be determ ined from the di ffe rence 
between the measured pa rticle size distributions to those recorded by the APS. 
The cal ibration standards were a lso selected because of thei r compatibility with 
constituents of the formu lations, th e lack of very sma ll particle d iameters and relat ively 
high density, parameters that he lp to red uce the ri sk of sma ll particles re-circulation. 
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The standards are a lso spherical and thus the scattered light intensity in the detection 
cell would give a good correlat ion with particle diameter. 
The data from the APS is ava ilable as a matri x of partic le size versus side scatter 
intensity. T he APS data was stored in a standard spreadsheet format and was li nked to 
the master cal ibration mask. 
The inlet airflow to the APS is through an US P inlet throat. The nature of the airflow 
and how it interfaces with the spray plume wi ll have significant impact on the particle 
size measurement if the depos ition within the AC I throat is not based so lely on 
aerodynamic impaction. 
The graphs below show how the use of the mask shi fts the part icle size distr ib ut io n by 
remov ing fal se particles from the analys is. 
Four suspension form ulations were used to eva luate the sensitivity of the APS. They 
utilise the same base fo rmulation with the exception of the ethano l level and th e particle 
size di stributi on o f the raw drug used in the formulation. 
Varying the number of times the dru g was passed through the microni sing process 
induced the difference in particle size of the raw dru g (Table 0-2) . The two levels of 
ethanol were 13 and 17 percent by weight of propellant. 
The assessment of the data mask was carr ied out using the four suspension 
fo rmulati ons (Table 0-3). The suspension fo rmulations were varied in the raw drug 
particle size and ethanol level. The details for which are given in the table below. 
The pMDI units were tested using the APS with US P inlet throat in the 3306. All testes 
were conducted with in let a irflow of28.3 I min -I . 
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Figure 0-9 Cumulative volum e distri butions fo r the 4 formulat ions with data mask 
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Table 0-2 Table Particle size data for suspension formulation (as supplied) 
Number Coarse (one pass) Fine (three passes) 
% < 1.5 I.un 29 54 
% <3.0 ~m 72 96 
%<5.0~m 93 100 
% < 10 ~m 100 100 
Table 0-3 Suspension fo rmulation var iables 
FORM ULATION ETHANOL DRUG 
a 13 Fine 
b 17 Fine 
c 13 Coarse 
d 17 Coarse 
The results demonstrate several key aspects to the interpretation of APS based data. 
The detection of fal se particles can significantly shift the MMAD determined from the 
analysis. The effect is s ign ificant in the formulations where the coarse drug was used. 
Prior to the mask the MMAD of the formulations are > I 0 ~m (F igu re 0-8) whereas 
app lication of the data mask the MM AD are <5 ~m (Figure 0-9) . The data al so 
demonstrates the sensitivity of the APS to formulation variables such as ethanol level. 
The mask data a lso shows the presence of larger particles in the emitted spray up to the 
dynamic limit of the APS that are close to the ECD of the USP throat and give the lack 
of evaporation time prior to reaching the mitre bend of the throat and many o f these 
shou ld theoretically have been deposited in th e USP inlet throat and indicates the 
tendency for particulates to boun ce through th e throat section and into the AC I stack , 
Based on the particle s ize of the drug put into the formulations the shift in MMAD also 
demonstrates the possibility of particle growth, agglomeration or multiple droplet 
occupancy, 
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A. V High speed spray image analysis 
Hi gh-speed di gita l images were used to assess various aspects o f th e plume produced 
by th e pMDl; among these were durat ion, max imum diam eter, length, divergence 
angle, ve loc ity and the spray density (intensity of re fl ected light). 
The high-speed camera utilised for this work was the Kodak 4540 and a synchroni sed 
pulsed copper vapour laser prov ided the illumination. The frame rate used was 9000 fps 
(pi xel reso lution 256 • 128) corresponding to a dimension of 160mm * 80mm . 
Hi gh-speed video data is very informative from the perspective of visual interpretation, 
however, visua l in fo rm ation cannot eas ily be conveyed and a num erical interpretation 
method was developed to overco me thi s limitati on. 
A.V.I Laser sheet imaging 
Laser sheet images were obta ined fro m a range of actuator geometry. 
In simplest terms the intensity of the scattered light is re lated to the number and s ize of 
th e particles within the laser beam. The viewing an gle of the camera is at 90 degrees to 
the plane o f the illumination. In viewing the emitted li ght at a 90 degree angle it is 
poss ible to make the assumption that very little li ght rece ived by the imaging chip in 
the camera will be from either diffracted or re fracted li ght but is a lmost entire ly 
refl ected light from fo rmulation droplets. The li ght in such an orientation has a 
re lati vely s imple relationship to the diameter of the refl ectin g surface, assuming 
spherica l droplets. If the assumption of uni fo rm mean diameter and particle size 
distr ibution is appl ied then the reflected li ght, whi ch assumes the mean partic le 
d iameter and part icle size distribution does not change s ignificantly durin g the duration 
of the spray, will be proportional to the mass fl ow. Based on published work thi s 
assumption is we ll founded except at the tail end of the spray duration period. 
The images produced are very informative; however, re liable spatia l and temporal 
in fo rmati on can only be determined from speci fi c software ana lys is of the image 
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sequences produced. Whilst an image of the spray may give va luable info rm ation 
regardin g plume di stance as a function of t ime, apparent spray angle, turbul ent 
characterist ics such as vortex shedding, etc 
The spray image was processed us in g the digital image analys is too lkit fo r Mathcad® a 
mathematical analysis so ftware pac kage to enhance the periphery of the spray plume. 
The periphery of a turbulent jet is di fficult to define due to the Gauss ian nature of the 
distribution. 
The spray axis ana lys is revea led severa l interest ing characteri stics to the spray plume. 
The enhanced image analys is showed the plume angle and direction to vary with the 
size of the exit orifice tested and a lso depended on the prox imity of the mouthpiece. 
Prev ious spray image work on pMDI plumes have quoted spec ific divergence angle fo r 
the plume whereas the data here shows s ignifi cant variat ion. The first significant po int 
of interest is the spray does not d iverge with a co nstant angle (Table 0-4). The direction 
of the spray is genera ll y upward ( Figure 0-1 I to A-1 4) rath erthan horizonta l or 
downward as prev iously reported and supports the assumptions made in the C FD 
mode lling of th e US P regarding the di rectional nature of the fl ow and the potential 
influence on the level of drug depos ition as a function of actuator geometry. 
Table 0-4 Spray plume di vergence angles and max imum width of the spray at two 
distances from the or ifice 
ORI FICE LOWER UPPER LOWER UP PER MAX IMU M 
DIAMETER ANGLE ANGLE ANGLE ANGLE WIDTH 
@50mm @50mm @II Omm @ II Omm 
0.22mm 11 12 6 7.5 45mm 
0.34mm 9 11 6 12 47.5mm 
0.5mm 10 14 6 12 50mm 
0.34mm(no M/P) 11 I S 7 18 56mm 
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Figure 0-10 image sequence showing the typica l development of the spray plume. 
a)I Oms after the actuation, b) 50 frames after a , c) 100 fra mes after a and d) 200 
fra mes after a. 
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Figure 0-11 Plu me shape for the 0.34 mm diameter exit o rifi ce plus digitally enhanced 
processed image showing true boundary regions. 
Figure 0-1 2 Plume shape for the 0.22 mm diameter ex it orifice plus digitally enhanced 
processed image showing true bo undary regions. 
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Figure 0-13 Plume shape for the 0.5 mm diameter exit orifice plus di gitally enhanced 
processed image showin g true boundary regions. 
Figure 0-1 4 Plume shape for the 0.34 mm diam eter ex it orifice with the mouthpiece 
section removed, plus di gitally enhanced processed image showi ng true boundary 
regions. 
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The actuators used in the study were Autohaler™ devices which have an unusual 
airflow arrangement when compared to conventional inhalation actuators. The airflow 
enters through the base of the actuator and the airflow turns th rough 90 degrees before 
exiting the mouthpiece. The effect of this directional effect was studied in the CFD 
ana lys is of the US P throat. 
The larger the ex it orifice diameter the greater is the upward d irection of the plume. 
When the mouthpiece of the actuator was removed the spray direction was more centra l 
and the width of the plume increased (Figure 0-1 4). 
The diameter of the new inlet sampler was 65 mm and was based on the dimensions of 
spray plume determined here. The maxi mum observable penetrat ion of th e plume into 
still air was <3 00mm . 
A.VI Temporal analysis of the spray plume 
In the measurement of the spray fo rce a tempora l vari ation was observed in the spray 
fo rce signal. The analys is indicated that the vari ation was that of the pressure waves 
generated by th e sound of the spray delivery process. The tempora l vari ation of the 
spray was analysed by digital process ing of the high speed video images. 
The first requi rement was to determi ne the optimum frame rate at which the data should 
be collected for the analys is of spray characteristics to give the co rrect interpretation of 
aspects such as th e pulsi ng nature of the spray. 
The data analysis used the average li ght intensity in an 80* 1 vertica l pixel matrix, 
approx imately 40 mm downstream of the mouthpi ece exit (the region just beyond th e 
central cone of max imum li ght scatter intens ity). 
The ordinate is the average li ght intensity in the matr ix and the absc issa the fra me 
number. Previous work(4, 15, 15) has shown that the spray emitted from the orifice of a 
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pMDI is not a continuous fl ow but does, when v iewed at high speed, pul sate at a 
defined frequency, which was reported as 700 Hz. It was important to establish the 
idea l recording speed that would facil itate the ana lysis of key features without the need 
to record excessive quantities of data. A li asing is used to describe the situation where a 
di stortion or artefact of the ori gina l s igna l resul ts from incorrect sampling of the 
origina l signal. Aliasing can be avoided by sampling at the critical sampl ing freq uency, 
often referred to as the yqui st or Nyq uist-Shannon sampling theorem. The theorem 
states that in order to reconstruct a signal the sam pling must be at a hi gher frequenc y 
higher than the bandwidth of the sampled signal. It is generally accepted that a li asing 
will not occur if the sampling frequency is at least twice the frequency being sam pled . 
As the critical frequency of the spray has previously(4, 15) been reported as 700 Hz 
then the sampling rate needs to be at least 1400 Hz. It was therefore decided to capture 
the data at 9000fps as this is more than an order of magnitude greater than the expected 
frequency of the flow. The digital images were processed using the algorithm shown in 
Figure 0-1 5 and the data plotted in Figure 0-1 6. 
Read: Image file and convert 
image to matrix format. 
Calculate: 
Average light intensity in defined 
sub matrix per frame 
Write output data file 
Figure 0-15 Co mputational algorithm for digital spray images 
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Figure 0-1 6 Hi gh frequency data acqu is ition showing high frequency component 
The data shows there to be no sign ificant hi gh freq uency component to the spray. The 
max imum frequency seen is not at 700Hz and the variation seen does not have the 
freq uency component attributed to the sound in the spray fo rce measurement. 
All plots show a relati ve ly fas t ri se to a max imum intensity foll owed by either a short 
plateau, at or close to the max imum va lue or a gradual decrease onto which is 
superimposed w hat appears to be a random series of pulses. The pulses tend to be more 
s ignificant towards the end of th e actuation cyc le. These pu lses were subjected to 
further an alysis using fas t Fou rier transform analys is to evaluate the frequency 
components within the data. 
A.VU Transverse te mporal analysis of the spray plume 
The same optical set up was also used to generate data fo r sections through the spray, 
transverse to th e delivery ax is. In this process th e re lati ve orientation of th e laser sheet 
and camera to the spray are rotated by 90 degrees, so the laser cuts the spray and the 
camera view is towards the mouthp iece . 
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The ana lys is showed the formation a fe w larger drop lets at the start of the actuation and 
these can be seen in Figure 0-1 7. 
The data in Figure 0-18 shown the instantaneous and time averaged transverse section 
through the spray, 35 mm fro m the mouthpiece ex it. The digita lly enhanced 
instantaneo us images show the spatial vari ation in the spray and the time average image 
shows th e Gaussian nature of the plum e. The tempora l and spatial variation support the 
assumption of non homogeneous fl ow. 
Figure 0- 17 Images showing the development of the spray plume in a transverse sect ion 
through the plume at a distance of 100 mm from the mouthpiece. The frame spacing is 
20 frames between each image. 
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Figure 0- 18 Digitally enhanced images of th e spray plume showing a transverse section 
through the plume at a di stance of35 mm fro m the mouthpiece. A is 50ms after 
actuation, B is 60ms after actuation, C is 70ms after actu ation, D is the numeri ca l 
average of a 20ms period. 
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A. VU CFD modelling of flow in the Twin stage impinger throat (TSI) 
A.VII.I Introduction 
The nature of the flow and inertial deposition of flow through the inlet section of an 
impactor is essential in determining the correct assessment of particle size and 
di stribut ion. In order to highlight thi s factor the fl ow throu gh another pharmacopoeia 
based method is modelled for compari son with the flow through th e US ? throat and to 
demonstrate the difference between commercia l throats with the objective o f 
hi ghli ghting the complexity invo lved in understanding inertial based induction 
port/th roat impaction. 
The twin stage impinger (TS I) is commonly used in the release testing ofU K based 
pMDI products because it offers greater speed and si mplic ity over the more labour 
intensive AC I test. The popularity of the TS I has decreased in recent years due to the 
technicallimitations(262} now accepted by th e industry. The test divides the particle 
into two fractions hence the term tw in stage. This approach is acceptab le for qua lity 
testing a lthough it has been shown that j ust assess ing two fract ions o f the emitted spray 
can give very misleading resu lts(262}. 
There are a considerable number of geo metrical differences between the throat sections 
of the TS I and the US P. The TSI has a complex series of interconnected pro fil es with 
the outlet diameter being smaller than the inlet . By comparison the US P throat is a very 
simplistic tube with a sharp bend. 
A.VII.II Methods for TSI modelling 
The glass inlet throat section of the TSI is shown with the mesh used for the fl ow 
analys is. To maintain a common inlet scenario the same mouth piece profi le used in the 
US P work was a lso used for the TSI inl et. The TSI throat has a large bulbous central 
section , which has a complex geometry and therefore an unstructured tetrahedral mesh 
is req uired. 
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Table 0-5 Variab les and sett ings used in the C FO mode ll ing of the TS l throat 
SOLVER FLUENT 6 INLET BO UNDARV VELOCITY 
Number of ce lls 122553 Outlet Bound. r)' Outflow 
Grid Tetrahedral , T-Grid Discretisation 2nd Order Upwind 
Equations solved U, V, W, ? Solution algorithm SIMPLE 
Fluid Air Turbulence model k-e, 10% intensity 
Boundary Vi n - 2. 88 m/s Underrelaxation Default 
The meshed model is shown below. The inlet section (mouthpiece inlet) is to the right 
hand s ide and the outlet sect ion is vertically downwards and the taped outlet section fits 
in to the next sect ion of the TS l g lassware. The vo lumetri c fl ow rate for the TSl is 60 
IImin which results in a much hi gher in let ve loc ity compared to the ACI. 
The Reynolds number for the out let of the TS l is >4000 and a basic k-e turbu lence 
model was invoked for the mode l. 
y 
x~ 
Figure 0- 19 Meshed model of the TSl th roat section with circular mouthpiece at the 
inlet. 
The very comp lex fl ow patterns within the TS I throat can be seen in the streaml ine 
traces (Figure 0-20) and velocity contour (Figure 0-2 1) shown below. The large round 
bul bous section between two tubu lar, in let and outlet sect ions induces complex fl ow 
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patterns and the streamlines and velocity contou rs indicate that particles in the upper 
region of the bulbous throat could rema in fo r some time du e to complex re-c irculatory 
fl ow patterns before pass in g on through the outlet section. The increased retention time 
could influence the drop let size given the increased residence time giving greater time 
for propellant and vo lat ile excipient evaporation to take place. 
y 
x-d 
Figure 0-20 Regul arly spaced streamlines on the central pl ane (z=O) show complex 
flow structure present in TS l inlet throat; note the large re-circulation region at the top 
of th e spherica l section. 
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Figure 0-2 1 Velocity contours for fl ow in TSI inlet throat 
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The inerti al based impaction characteristics of the TS I throat will be very dependant on 
the specific ali gnment of the incoming fl ow because of the curvature of the impaction 
surface and the prox imity of the large recirculation zone. 
The hi gher fl ow rate and s lightly shorter distance to the back o f the throat significantly 
reduce th e res idence time of drop lets and the time for evaporation of sub-coo led 
propell ant and other volat ile excipients. The time for a 20 J.U11 diameter partic le 
travelling a long a central path line to reach the back of the throat takes 49ms compared 
to 94ms for the USP th roat giving greater time fo r evaporation to occur, however when 
the US P throat is used at 60 I min-' the transit times are comparable. 
The directiona l effects of the actuator inlet now direction are likely to be more 
pronounced in th e TS I throat given the shorter in let length and th e more extensive 
re-circu latory region. 
A.VIII New inlet section design for the APS and CFD analysis 
A.VITI.I Introduction 
The objective of the work presented here is to assess the fl ow characteristics of the new 
inlet sampler for the APS and used in chapter 6 and the princip les used in the des ign. 
In order to ach ieve these objecti ves it was necessary to start by defining all the potential 
modes of deposition that can occur in the th roat secti ons of inertial impactors. It is 
genera lly assumed that most throat deposition is based on inertial deposition and the 
analysis of throat deposition has been termed as having a ba llistic fraction(6) and the 
analys is of cascade impactor data by Polli (155) mistaken ly assumed that all deposition 
in the throat section was greater than the ECD of the first impacto r stage . 
A detailed rev iew of throat depos ition studies reveals there are depos ition mechanisms 
other than those based so lely on inertial properties. It has been shown that the inlet 
section can change the interp retati on of part ic le s ize and deposition(187, 191-193,263, 
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264), the depos itio n can be due to tu rbule nce(190), electrostatics(I, 249-251), surface 
coating(191) and th e data f rom the previo us USP throat mode lling has shown how both 
the inlet fl ow direction can alter the fl ow distribution in the inerti a l siz in g region o f the 
throat section. T he depos ition in the throat section is therefore the summation of these 
various mechani sms minus that fraction that is lost due to particle bounce and 
second ary break up. The design of the inlet sect ion needs account for the various 
depos ition modes if the true nature o f the atomisation process is to be accurately 
reported for both mean particle size and distribution. 
Based on the CFD mode lling of the US P throat, partic le tracking, high speed video and 
data reported in the literature it was cons idered necessary to redes ign the inlet section 
of APS to increase the samplin g e ffi c iency to ensure adequate sampling of all particle 
sizes generated by the pMDI spray. C lark(141) in his particle siz ing work used a large 
holding chamber into which the aeroso l was actuated; a delay of 10 second s was used 
before the APS samplin g was started . Due to the directional nature of the pMDI plume 
it was not felt that thi s approach would e nsure adequate samplin g across all sample 
s izes because 
• Large droplets could settle before sampling comm enced (grav itationa l). 
• The trajectory of large parti cles was not optimised for effici ent collection in the 
APS inl et section. 
• Time order is not maintained in large volumes (proportiona l samplin g) 
Clark (141) a lso reported problems in the siz in g o f small particles « I flm ) a problem 
th at has been signifi cantly reduced in the later 3320 mode l used in thi s study. The lower 
size limit of the APS detection system now approaches the inherent problem imposed 
by the wave length of li ght (di ameters less than 0.5 flm ). 
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A.VlII.Il Methodology used in the design of the new inlet sampler 
The spray visuali sation work was used to establish the effecti ve plume length (distance 
at which the spray had effectively stopped) and diameter of the spray plume. The new 
design a lso needs to acco mmodate the need to a ll ow adequate evaporation of the larger 
droplets befo re they reach the part icle-siz ing region of the APS. 
The atomisation experim enta l plan included usi ng ethanol levels up to 50% w/w. If the 
atom isati on of formu lations with these levels of non volatile component are to be 
characterised then the inlet design would need to account fo r not on ly the size of the 
droplets but also the much longer evaporation time ex pected from such an increase 
based on simple assumpti on of the evaporation rate as a function of drop let diameter. 
To determ ine a suitab le inlet length that wo uld prov ide suffic ient time fo r evaporation 
to take place a series of experiments with a 50% w/w ethanol aeroso l fitted with a large 
(0.5 mm) ex it orifice actuator were conducted usi ng an ethanol sens iti ve paper set up. 
The ethanol sens itive paper turns blue on co ntact with ethanol droplets. The unit was 
fired at ever increasing d istances from the ethan o l sensiti ve paper until droplet cou ld no 
longer be detected. 
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Figure 0-22 Design lim itat ions of the US P throat a) turbul ent depos ition , b) restricted 
plume ex pansion, c) inertial impaction, d) evaporation tim e (inertial based) and e) 
evaporation time (res idua l size based) 
There were many factors that needed to be considered in order to define th e 
requirements needed in the design process for an inlet suitab le for studying th e 
atomisation process. Figure 6.48 shows the regions of the AC I throat that were 
considered in the design process and the reasons are as fo llow 
a) The region immediate ly downstream of the actuator mouthpiece has 
been shown to trap a large quantity of the spray(/90). 
b) The inlet section after the tapered inl et is onl y 19mm in diameter and 
this is much smaller than the v isualisation studies show for the plume 
diameter. 
c) Is th e region where most inertial deposition takes place(/9/) 
d) Is th e length avai lable for evaporation to take place prior to inertia l 
. . . . 
SIZing In region c. 
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e) The length avai labl e for the evaporation down to the final residual 
size prior to the measurement of aerodynamic diameter in the APS or 
the first impacto r stage of the AC I.. 
The proposed inlet design was then eva luated using CFD to characterise the fl ow and 
more importantly the particle trajectori es along the inl et section. 
Initial work assum ed that the maximum partic le diameter, after evaporat ion and 
traversing several hundred millimetres th rough the sampler inlet section, would be no 
more than 20 !ll11 . Any residual partic les or droplets bigger than thi s would be outs ide 
the dynamic range of the APS and wou ld not be detected and therefore the design limit 
was determined by the upper li mit of the detectable ran ge. 
A so lid model was generated and meshed using an unstructured tetrahedral mesh. An 
uncoupled Lagrangian particle-tracking scheme (Stokes-Cunnin gham ) was 
imp lemented to assess the particle trajectory o f particles with the upper design limit 
diameter (20 ~m). 
Based on the visua lisati on studies it was assumed that the particles/plume would trave l 
more than 200-300mm due to the ex it momentum of the spray, however thi s was into 
still air whereas in the test method there would be ai rflow of approximately l A m s-I 
through the actuator and th is would extend the distance travelled by the plum e. It was 
a lso assumed that the confined space would not unduly slow the spray 
Table 0-6 Variables and settings used in the C FD modelling of the new inlet section for 
the atomisation study 
SOLVER FLUENT 6 INLET BO UN DARY VELOCITY INLET 
Number of ce ll s 102 184 Oullet Boundary Outnow 
G rid Telrahedral , T -Grid Oiscretisation 2nd Order Upw ind 
Equations solved U, V, W, P Solution algorithm SIMPLE 
Fluid Air Turbulence mod el Laminar 
Boundary Vin 1.36 mls Underrelaxation Default 
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The diameter of the in let section is critical fo r two reasons, it needed to be wide enough 
to minimise contact with the periphery o f the plume and narrow eno ugh to prevent 
material at the periphery of the plume fro m fl oating around for excessive lengths of 
time and the time based order in the spray is lost (over samplin g of small part icles 
occurs because they have a greater opportun ity to be captured by the APS whereas the 
larger droplets/particles impact immediately or sed iment rapidly due to gravitation. 
Based on plume dimens ional data obtain ed from the imaging work in sections A6 and 
A 7, a dimension of 65mm was se lected as a compromise to meet the design 
requirements ofa and b. The width of the inlet region needed to be wide enough to 
prevent turbulent deposition(J90) of the spray plume (req uirement a). 
The length of the inlet secti on (req uirements c, d and e) was determined by a 
combination of the ethano l detecti on test and the penetrat ion di stance of the plumes into 
still air (based on high speed resu lts). This distance for ethano l detection was in the 
ran ge 400-450mm and the penetration of the plume particles was in the range 200-
300mm . Based on thi s information the inlet section was set at 450 mm . The transition 
from horizontal to vertical was accomp lished using a curved section and the diameter of 
the pipe adjusted to give a smooth trans it ion into the 3306 APS unit (25 mm diameter). 
The incline of the new inlet section was designed to minimise grav itational settling of 
larger diam eter components of the spray. The perfect solution for this would be to have 
the inlet section vertica l but there were practical limitation imposed by the ex isting 
height of the workbench , the APS plus 3306 sampler, the height of the operator and 
safety issues. There is also the additional problem that pMDI 's need to be in the correct 
orientation to permit the valve to refill correctly after firing. 
Based on these assumptions and the CFD fl ow modelling and particle trackin g it was 
expected that particles/droplets at the design limit of20 ~m wou ld reach the bend at the 
base of th e sampler and travel downward to the APS isok inetic sampler tube. In fi gure 
6.49 the particle tracks fo r 20 ~m are traced from the point at which the forward 
momentum of the spray ceases and only the test airflow now acts in the fl ow direction 
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and gravitation now becomes a significant component of the forces acting on the 
particle/droplet. The streamline plot in Figure 0-23 shows how the airflow diverges 
rapidly downstream of the mouthpiece and the veloc ity contour plot demonstrates how 
rapidly the airflow velocity decreases. 
Figure 0-23 Sampler inlet (connection to APS not shown) showing fl ow streamlines 
from th e inlet (top), a ir ve locity contours (middle) and partic le tracking for 20 I.un 
aerodynamic di ameter particles showing gravitati ona l settling. 
A.lX Modelling airflow through commercial actuators 
The objective is to demonstrate the distribution of airflow through conventional 
commercia l actuators to support the assumpti ons made in the CFD chapter The data 
will a lso be used to give an alternative explanation for the directi ona l nature seen in 
plumes emitted from pMDls' (4, 212, 265) . These previous studies attributed the 
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downward directional nature to an unlikely bubble growth mechani sm in the actuator 
orifice . 
A.IX.I Methodology for model construction 
Two solid mode ls of commercial actuators were produced using the Gambit® software 
and meshed usi ng an unstructured tetrahedral scheme (TG rid™). Both actuators were 
modelled with the cani ster in the fired (fully depressed/down) position. The a irflow was 
mode lled at the rate used in standard pMDI pharmaceutical testing (28 .3 I min' \ 
The two press and breathe designs (Figure 6-2) were chosen because they represent 
very d ifferent designs with one hav ing a bas ic rounded corner rectangular mouthpiece 
that has many sim ilariti es with most commercial des igns and cou ld be considered as a 
generic design, the other has a larger round mouthpiece section (used in the USP throat 
modelling studies) giving the potential for a di fferent flow structure in the mouthpiece 
region. 
Table 0-7 Variables and settings used in the CFD modelling of the rectangul ar (generic) 
actuator design 
SOLVER FLUENT 6 INLET BOUNDARY MASS FLOW RATE 
N umber of ce ll s 99844 Outlet Boundary Outflow 
G rid Tetrahedral , T·Grid Disc retisation 2nd Order Unwind 
Equations so lved U, V, W, P So lution ale.orithm SIMPLE 
Fluid A ir Turbulence model Laminar 
Boundary 0.000577 Kgls Underrclaxation Default 
Table 0-8 Variables and settings used in the CFD modelling of the round actuator 
design 
SOLVER FLUENT 6 INLET BOUN DARY VELOCITY 
Number of cells 67836 Outlet Boundary Outflow 
Grid Tetrahedral , T-Grid Discretisation 2nd Order Upwind 
Equations so lved U, V, W,P Solution aleorithm SIMPLE 
Fluid Air Turbulence model k·e 10% 
Boundary Vin - 8m1, Underrelaxation Default 
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The results from both des igns show very similar trends with respect to the ai rflow 
thro ugh the mouthp iece section. The sudden change in fl ow direction induces a non-
symmetrical fl ow th rough the mouthpiece section with an increase in the veloc ity along 
the base of the mouthpi ece. Figure 0-24 highli ghts the complex flow around the orifi ce 
stem block and the spac ing of centre line streamlines in Figure 0-25. Both des igns show 
a re-circulatory reg ion in the top of the mouthpiece. 
The Bernoulli theo rem predicts that an increase in velocity will be accompani ed by a 
decrease in pressure. The decrease in pressure will induce a di fferential pressure to act 
on the spray plume close to its source (ex it orifice) and potent ia ll y induce a direction 
change in the spray ax is due to the non-symmetrica l pressure pro fil e. In the 
conventional actu ator des ign scenario this will be in a downward di rection, the 
direction induced by the di fferentia l pressure gradient. 
The degree to which the spray is deflected with be a fun ction o f the a irflow rate and the 
fl ow rate of the spray. It is the refore poss ible for the direction of the spray to alter not 
only as a function of des ign parameters such as the orifice diameter and length, a irflow 
rate, valve volume but also change during th e course of a single spray del ivery cycle 
due to th e time dependant change in mass fl ow fro m the orifi ce. 
In the des igns used in the spray v isuali sation studies the actuator type used there works 
in a fundamentall y diffe rence mode of operation to th at fo und in almost a ll other 
actuators used in the delivery of inha led th erapies. In this des ign layout the a irflow 
enters at the base of the actuator and then turns to ex it the mouthpiece thereby changing 
the fundamental direct ion of the a irflow by 180 degrees and induces the low pressure 
region at the top of the mouthpiece resul ting in a shift in the direction of the spray ax is 
in the upward direction. The theory presented here gives an a lternative solution to the 
directional nature of the plume emitted from a pMDI to that previously proposed (4) 
It should be noted that as with a ll computatio nal based systems the output is onl y as 
good as the boundary co nd itions permi t. Only fl ow through the actuator was modelled 
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here and is therefore a function of the outflow boundary which has insuffic ient length 
for an idea l so lution. The problem results from the re-circulatory flow in th e upper 
region of the mouthpiece and induces an inflow at outflow at the outlet boundary due to 
in sufficient outflow length . The mouthpiece in Figure 0-25 was used in the US P throat 
modelling where the outl et flow remains horizontal and demonstrates the s ignificance 
of the outlet bo undary geometry and pos ition. 
In the cases studied here however the overridin g fl ow princ iples for momentum based 
fl ow field di sto rtion in the fl ow around a pipe bend will a lways be va lid even th ough 
the fine detail s from design to des ign may change the outcome and the genera l principle 
will always ho ld true as seen in the CFD modelling of the US P throat with various inlet 
and outlet boundaries. 
y 
~x 
L-____ ~:-~ 
Figure 0-24 Rectangular mouthpiece actuator des ign ('generic') showing the no n 
symmetri cal fl ow in the mouthpiece. 
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Figure 0-25 Rou nd mouthpiece des ign actu ator showing th e same gene ri c fl ow pattern 
associated with airflow change at a 90 degree bend (streamlines not shown in body of 
actuator to im prove clari ty) 
A.X ACI data for a formulation showing bounce in the APS impactor stage 
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